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Abstract

A search for coherent diffractive production of p mesons has been performed
at NOMAD under exposure to neutrinos from the CERN SPS wide band neutrino
beam. Monte Carlo simulations were used to study properties of the signal as well
as background processes. Using data taken during 1995 22 events of the type un®n™
with momentum transfer squared less than 0.1 GeV were found. Two methods of
estimating the background were used. One method yields an estimated background
of 2.2 + 2 events and signal of 20 + 4 events. The other method does not yield a
conclusive signal. The slope of the momentum transfer squared distribution (¢’ -
distribution) under the first method of background estimation was measured to be
(28 + 9) GeV 2. The cross-section was measured to be (71 4 14) x 107* cm? per

carbon nucleus, in agreement with theoretical predictions.

I declare that the length of this thesis does not exceed 100,000 words.
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Chapter 1

Introduction

Coherent diffractive p production by neutrinos occurs at low four-momentum trans-
fer and high energy transfer. These interactions are generally understood to occur
via the coupling of the weak charged current to the vector meson, which scatters
diffractively from the target nucleus. Since coherent events are those in which the
nucleus interacts as a whole, ie without break-up, and with small recoil energy, these
events have a very sharp momentum transfer distribution.

A study of these interactions is a clear probe of the hypothesis of the con-
servation of the vector current. The diffraction model of interactions [1] estimates
the total cross-sections for leptonic production of 7, p and A; mesons, using the
meson-dominance assumption, so a measurement of these cross-sections can give an
indication of the accuracy and reliability of this model.

Previous searches for coherent diffractive p production have taken place in
bubble chambers, and have characteristically yielded positive results, but with low
statistics. The small amount of data available in this area results in large errors
and a serious difficulty in understanding the relationship between cross-section and
energy. It is possible to study this type of interaction with the use of modern counter
experiments, utilizing the high interaction rate and the accuracy to which particles
can be tracked in these detectors. The Neutrino Oscillation M Agnetic Detector,
NOMAD, at the European Laboratory for Particle Physics, CERN, near Geneva,
Switzerland is one such detector. NOMAD was primarily designed to search for
the oscillation from v, to v,. However, the detector is also well suited to study the

coherent diffractive production of p mesons and was used to do so in this analysis.
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This report presents an observation of 22 events of the type (g~ 7 x°), with
|t'|, the four momentum transfer squared, less than 0.1 GeV?2. Of these 22 events, the
background was estimated to be between (2.2+3) and (25+9) events, depending on
which method was used to estimate it. The signal was estimated to be (20 +-4) and
(—3+10) events. Again, the result varies according to which method of background
estimation is used.

The data used for this analysis were taken from the 1995 exposure of NO-
MAD to the CERN SPS wide band neutrino beam. During the same data taking
period, ~ 60,000 charged current events were measured. This analysis can be seen
as a detailed feasibility study into the possibility of detecting coherent diffractive
p in NOMAD. The extension of this analysis to include subsequent data would
significantly contribute to our understanding of the processes described above.

Chapter 2 is a review of the relevant theory for this analysis. An account of
the basic precepts of electroweak theory, the conserved vector current hypothesis,
and the vector meson dominance assumption is given, along with a description of the
diffraction model of high-energy leptonic interactions. The theoretical cross-section
is derived under the assumptions of the models mentioned above.

In Chapter 3, NOMAD is described in detail, with special emphasis given to
the electromagnetic calorimeter and the drift chambers as the sub-detectors most
relevant to this analysis. A brief description of the neutrino beam and the triggers
used is also given.

Chapter 4 goes on to describe the analysis of the candidate coherent diffrac-
tive p signal. The Monte Carlo simulation algorithm and parameters are described.
A study of potential backgrounds to the signal is performed and a background esti-
mate is given. The cuts used to isolate the coherent signal and the efficiency of this
process is summarized. The fit done to the t'-distribution is explained. Other kine-
matic distributions are also examined. The cross-section for the coherent p process
is calculated along with its uncertainty. Comparisons with previous experiments

and theoretical predictions are made.



A brief outline of the authors particular involvement in NOMAD is given in
Appendix A.

In this thesis, natural units, ie A = ¢ = 1, are used at all times.



Chapter 2
Theory

2.1 Theoretical Introduction

In a neutrino induced interaction, the du pair from the Cabibbo favored
transition W — du may coherently rescatter from the nucleus, mostly in a diffractive
way, see Figure 2.1. A coherent process is one in which the nucleus recoils without
breaking up or changing from the ground state. In order for this to occur, only a
small 4-momentum transfer to the nucleus is permitted. Diffractive scattering occurs
when momentum is transferred via the exchange of a pomeron (P). In diffractive
scattering, the momentum exchange spectrum is sharply peaked near its minimum

value.

v, (D) w(l)

W+

N(p) N'(p")

Figure 2.1: The coherent diffractive p production process.

The specific tests performed by studying these types of events given sufficient

statistics are :
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e The coupling of weak currents to vector mesons.
e The conservation of the vector current (CVC).

e The vector meson dominance (VMD) hypothesis.

2.1.1 The Diffraction Mechanism

The pomeron was originally proposed [2] to fill the position M? = 0 on a plot
of angular momentum vs mass squared. The pomeron has the quantum numbers
of the vacuum, (ie zero charge, zero isospin, spin parity 0%) and is now postulated
to be a collection of gluons with the same quantum numbers as the vacuum. By
studying the diffractive process and investigating matters such as the ¢-dependence
(where t is the 4-momentum transfer squared to the nucleus) of the interaction a
better understanding of pomerons, particularly with respect to their coupling to
vector mesons, can be gained.

The Salam-Weinberg model of weak interactions [3] leads us to expect V-A
coupling for weak interactions. In interactions such as that shown in Figure 2.1, the
quantum numbers of the final state hadrons are identical to those of the intermediate
vector meson. Therefore by studying the final state hadrons, it is possible to study
the spin nature of the current and learn something of the V-A contribution to that
current.

For the momentum exchange to occur dominantly via pomeron exchange,
there must be small momentum transfer from the leptonic system to the hadronic
one, ie small Q% and small ¢!. Q% must be of the order of a few GeV'?2, and ¢t must be
less than the inverse pion Compton wavelength. In fact, the main feature of diffrac-
tive scattering is the sharp exponential distribution of the momentum transfer [1].
This allows the parameterization of the differential cross-sections for vector mesons
by exponential t-distributions, e . An exponential parameterization is chosen for

consistency with electroproduction [9]. The slope b is of the order of the transverse

IHere the standard notation has been used. It will be defined in more detail in Section 2.2.
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dimensions of the nucleus, b ~ A%/, In contrast, incoherent scattering typically has

a slope of b ~ A'/3,

2.1.2 The Coherence Condition

The coherence condition is that all the nucleons inside a nucleus of radius
Ry must react in phase. Each nucleon contributes a phase e"(ﬁ_’;')"?, where p — p'
is the momentum acquired by the nucleon and 7 is the position of the nucleon
inside the nucleus. For the coherence condition to be met, the phase factor should
not oscillate rapidly over distances comparable with the nuclear radius, i.e. the
momentum transfer between the incident and scattered waves must be small. More

specifically

(5— ') = /lt| < 1/Rw, (2.1)

where Ry = RoA!/3 is the nuclear radius, Bg = 1.2 fm and A is the atomic mass
of the nucleus.

The NOMAD target consists mostly of carbon. For a detailed description of
the NOMAD target see Section 3.4. For carbon nuclei Equation 2.1 becomes

VIt S 1/2.75 fmt & 72 MeV, (2.2)

The kinetic energy acquired by the nucleus is

i
T=—+- MeV. 2.
S Mn <3 MeV. (2.3)

where My 1s the mass of the nucleus.

If the coherence condition is met, the momentum transfer is small enough
to prevent the struck nucleon from escaping the nucleus. Consequently, coherent
interactions are characterized by the way the nucleus recoils as a whole, without
break-up and with a small recoil energy.

In order to have a truly coherent interaction, no transfer of any quantum
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number (including isospin to exclude 7 transfer) is allowed. If there were a quantum
number transfer, the result would be an interaction with a specific nucleon, rather
than the whole conglomerate.

These interactions between neutrinos and nuclei are also illustrative of the
effects of wave particle duality, since these interactions are a result of the interference

of the scattering wave of the neutrino with those of the nucleons in the target [6].

2.1.3 Hadron Dominance

The hadron dominance model for high energy leptonic interactions was first
introduced by Piketty and Stodolsky [1], in analogy with the successful hadron
dominance model used in the photoproduction of vector mesons. They linked the
cross-section for electroproduction of vector mesons to that of neutrino production,
with the use of the Conserved Vector Current (CVC) hypothesis [4], [5].

The study of coherent p interactions provide a strong test of the hadron
dominance model for interactions with low Q2. The weak current can be imagined
as a superposition of virtual hadron states. These states can fluctuate into real
states, changing the energy of the system, for periods of time corresponding to a

“coherence length” [. (as stated in [6]) such that

2v

I = At, (2.4)

where At. is the coherence time, my is the mass of the real hadron and @ and v
have there usual meanings and are defined in Section 2.2. If the coherence time is
greater than or equal to the typical interaction time , At. > At;, the weak current
behaves as a real hadron current. That is to say, the hadron constituents of the
current only appear if sufficient time is allowed. This criterion is met only at high

energy.
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2.2 Kinematics

The Feynman diagram for the coherent diffractive process

vuN — u=p™N' (2.5)

is shown in Figure 2.1. The notation used is that [ and !’ are the four-momenta of
the initial and final leptons, and p and p’' are the four-momenta of the initial and
final nucleus states respectively. Four-vectors are denoted in normal type, while
three-vectors are written in bold font.
The transfer of energy from the incident lepton to the hadronic system is
defined by
v=EFE,—-E,. (2.6)

The negative of the 4-momentum transfer squared from the incident lepton to the

hadronic system is

Q* = —¢

Y

0. (2.7)
The 4-momentum transfer squared to the nucleus is

t = (p—p)°

< 0. (2.8)

This variable has a kinematically allowed minimum 2 [7] for a given @? and v given

by
Ay — /A2 — A3 As
tmin(sz V) = ( ) (29)

= 1 ,

ZSince the variable £ is less than zero, the ¢ with the smallest modulus is actually a maximum.
However, it will be referred to as a minimum throughout this analysis, as in other work.
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where

A = 142~

My M2
Ay = 2AQ7+V) (14 )@ + M)
As = (Q*+ M2). (2.10)

where My is the mass of the target nucleus and M, is the mass of the p meson.

Occasionally the approximation

2 2\ 2
+ M
tmin = (%) (2.11)

is used, although this approximation does not seem necessary. In fact, there is even
some evidence [7] that this approximation overestimates the number of predicted
events by a factor of up to 3 times in comparison with predictions made using the
exact value of ¢,,;,. Throughout this analysis, the exact value of ¢,,;, has been used.

The Bjorken variables, z and y, are defined as

Q2

= 2.12
and
v
= —. 2.13
V=g (2.13)
The hadronic invariant mass squared is denoted by
W? = 2uMy — Q>+ M}

1
= Qz(— -1+ Mlzv (2.14)

z

2.2.1 Kinematical Constraints

The cross-section of the coherent production of p mesons is constrained by

kinematical limits over a range of energies. At higher energies the dominant effect 1s
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related to t,,;, and nuclear break-up, while at lower energies constraints on Bjorken
z and y are dominant.

Kinematical constraints occur if one requires that the cosine squared of the
scattering angle (see Figure 2.2) to be less than one, and the invariant mass squared
of the system to be sufficiently large. One therefore obtains limits for the zy-plane.
These limits can be expressed mathematically as shown below in Equations 2.15

and 2.16, and can be seen graphically in Figure 2.3.

Vu

Figure 2.2: The definition of the scattering angle.

cos’§ <1 =y < L (2.15)
- ~ 1+ (Myz)/(2E)
M2
W? > (M, + My)> = Ey(1 —z) > M, + —2~ (2.16)

2My

2.2.2 An expression for the square of the 4-momentum transfer to the

nucleus.

In NOMAD it is not possible to measure the neutrino energy directly, nor is
it possible to measure the momentum of the recoil nucleus. However, if one makes
the assumption that the interaction is coherent and that the mass of the nucleus is
known, an exact expression for ¢ can be derived. Appendix B shows the derivation

of this quantity.
[u(Ei —p)))? + [ipl P

|t| N 1 - Ei(Ei _sz)/MN

(2.17)
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0.9 Constraint (a)

0.8

0.7

0.6

Kinematically allowed region

0.5

0.4

0.3
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O \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
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1
X

11

Figure 2.3: The kinematical limits on the zy-plane, for E, = 10 GeV. (a) Constraint

given by Equation 2.15. (b) Constraint given by Equation 2.16.
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where the sum is over all the final state particles (u~7n7°). E; is the energy of
L(T)

the +** particle, and p;""’ are the longitudinal (transverse) components of the three-
momenta of the 1** particle with respect to the neutrino beam. My is the mass of
the nucleus.

In much of the literature an approximation for ¢ is used

K]

] = [30(E:— )P + [ P12 (2.18)

For small values of ¢ this approximation is a very good one.

2.3 Weak Interactions and V-A Theory

Lorentz invariance and quantum field theory require that all interactions pro-
ceed via a combination of at most five mechanisms, these being the scalar (S), psue-
doscalar (P), vector (V), axial-vector (A) and tensor (T) currents. It is well estab-
lished that the weak charged current is of the form vector minus axial-vector (V-A).

By studying the rate of diffractive production of vector particles, such as
the p, particularly when compared to the rates for axial-vector and psuedoscalar
particles like the A; and 7 respectively, this V-A nature can be studied in detail. In
particular, a knowledge of how vector mesons are coupled to weak charged currents
can be obtained.

The leptonic current for weak charged current interactions can be written as

Ja(2) = Yz )y1a(l — 5 )u (),

Ji(z) = Xl:ﬂw(w)’va(l—’vs)uz(m'% (2.19)

where the [ labels refer to the different lepton fields [ = e, u, 7, and »; the corre-
sponding neutrino fields. The u(z) are the linear creation and annihilation operators
of the lepton fields. J,(z) and JI(z) are called currents because they transform like

four-vectors under Lorentz transformations.
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The weak interaction Hamiltonian takes the form
H = gw (I (2)Wa(z) + J*(2)Wi(2)), (2.20)

where gy is a dimensionless coupling constant and W,(z) is the vector boson prop-
agator. This interaction couples the field W,(z) to the leptonic vector current, and
so W,(z) must be a vector field. The W particles are therefore vector bosons. This
interaction is known as V-A because the current, J*(z), can be made from the

difference of a vector part and an axial vector part. J*(z) can be written as

J%(@) = Jy(z) - Ji(=), (2.21)

where the vector and axial vector parts are expressed respectively as:

Jy(z) = Zw )y Uy (2),
Ji(z) = Zw 7Y u (). (2.22)

2.3.1 The Vector Current

The conserved vector current (CVC) hypothesis is the precursor to modern
electroweak theory. It arises as a consequence of isotopic invariance. That is, it
puts the charged weak and the electromagnetic currents in the same isotriplet, so
that the non-strange weak charged current and the electromagnetic current form an
isospin multiplet [9], [10].

Production of coherent p mesons on nuclei test the vector current behavior of
the hadron dominance model, and so provide a test of the CVC assumption in weak
interactions. It is known that the electromagnetic interactions violate CVC [11] and
it is this violation that causes the mass difference between the v and d quarks, ie
M, — My # 0.

The importance of the conservation of the vector current to coherent diffrac-

tive p production lies in the way it allows the connection between the cross-section
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for vector meson production to that of the corresponding cross-section for the elec-
tromagnetic current to be made.
2.3.2 Calculation of the Matrix Element Squared.

The production of any given hadronic state F, from the initial state Z, is
now considered. The kinematics for this process are described in Section 2.2. The

scattering matrix element for this process is given by [1]
(2.23)

where [, is the leptonic current matrix element, v27 is the hadronic element, the

weak coupling constant Gg = 1.166 x 107> GeV~? and

% - (%)2. (2.24)

The Leptonic Current

The leptonic current for weak scattering is described by

b= a(!)y(1 — s)u(l). (2.25)

Continuing to look at the purely leptonic contribution, one then squares the ampli-
tude, averages over initial states and sums over the final ones, to write L,, for weak

scattering as
L =330, (2.26)
I F

or more explicitly,

Luw = (Ll + LU, — (1080 + €uapl®l’®). (2.27)
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Replacing !’ with I’ = | — ¢ this can be written as
Ly = (2L — lugy — quls + (1.9)80 + €uvapl®d®). (2.28)

The Hadronic Current

The hadronic part of the matrix element can be expressed as

Vi = S S 0t 0T (2.29)
i F

Remembering that p, is the momentum for the target nucleus and g, is the momen-

tum carried by the vector current, the most general matrix element can be derived:

PuDv quqy Duqe + qupy
JYE + Fy M2 + Fy e ,

Vuu = _F15uu + F2 (230)

where FY are real positive functions of ¢ and v. There is no antisymmetric cross
term (F3 = 0), as this arises as a consequence of the interference between the vector

and axial vector parts. Invoking the conservation of the vector current, such that

9V = Vg, =0, (2.31)

the four unknowns can be reduced to only two,

(g-p)
Fs=F, 02 (2.32)
and
M2 (q‘p)z
F4:—F1@—|—F2 0 (2.33)
Hence Equation 2.30 is expressed in terms of just two structure functions,
QW
Vi = Filh - 22 -
I q.p q.p
27z \P @qu] [ — @qu]. (2.34)
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The Generalized Cross-Section

Multiplying the leptonic contribution by the hadronic one and using the kine-
matic relations described in Section 2.2 allows the matrix element squared to be

written as

G2
MP = ZEL, v

= %%[21?1@2 + FR(4EE' — Q). (2.35)

The generalized cross-section relation is given by [12]

(27)*

do =
7T AMyE

|IM>d(LIPS). (2.36)

where the Lorentz invariant phase space (LIPS) factor is given by

d3l/ d3pl
(27 )32F' (27 )32EF

d(LIPS) = §M(14+p—1' —p') (2.37)

Integrating over phase space, one now arrives at the differential cross-section for

coherent diffractive p production, written in terms of the two functions F; and Fj

Po Gy
dQdv  8m2E?

2FQ* + FR(4EE' — Q%)]. (2.38)

2.4 The Diffraction Model

The diffraction model [1] was originally proposed to predict the cross-sections
for leptonic production of the w, p and A; particles under meson dominance assump-
tions. Simple VMD models described the electromagnetic current as a superposition
of the lightest hadrons with the relevant quantum numbers. Vector dominance was
successful in high energy electromagnetic interactions, particularly in photoproduc-
tion of vector mesons as illustrated in Figure 2.4. The model was consequently

extended to include the weak interactions. As electromagnetic interactions are de-
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scribed by the scattering of a p° meson, so weak interactions are analogously de-

scribed by the scattering of a p*.

Figure 2.4: Meson dominance in electroproduction.

Some properties of the diffraction model are outlined in the following list:

o The model is restricted to large v relative to v/q%. ie v > 2 GeV? and M2 <
Q? < 1.2 GeV?

e Photoproduction data suggests the w and ¢ contributions are negligible when

compared to the contribution made by the p.

e The scattering is expressed in terms of transverse (longitudinal) polarized
cross-sections op(r) for the incident p, where transverse (longitudinal) refers

to the component of the spin perpendicular (parallel) to the p momentum.

2.4.1 Vector Meson Dominance

The idea of p-dominance for the vector current is now introduced into the
cross-section calculations. Since CVC means the weak vector current is just an
isotopic rotation of the electromagnetic current, and if the electromagnetic current
at high energy is described by the scattering of a p°, then one can deduce that the

weak vector current is described by the scattering of a p*.



18 Chapter 2. Theory

The hadronic isovector takes the form

Gip qugx (p_uf)
v, = ————|6, T, 2.39

u q2 —|— Mg[ A —I_ M2 ] ( )
where eg‘T;‘p_)F) describes the production of a given hadronic state F by a p meson
of mass g%, of momentum ¢ and polarization 7. The vector meson must also obey

qAT>(‘p—>]-')

= 0. The hadronic matrix element is then given by

G (o= F)p+(p—F).
y T(e=P)xe 2.4
Vi = (PP (2.40)

The polarized cross-sections for the final state F for an incident p of longitudinal

(L) or transverse (T) polarization are now introduced.

1 T +T 1 Ll
or = —Twe,e.,, o= —Tu.e e, 2.41
] o 241)

where 1/ |q| is a flux factor. One can consider the polarization vectors eﬁ and ef,

which have imposed upon them the conditions

gtel =0 (2.42)
and
(el =-1, (e£)?=1(Q*>0). (2.43)

The polarization vectors can now be written as

1
eL = _|q|70707y7
Q( )

1 1
el = (0, \/5(1 +€), \/5(1 —€),0), (2.44)
where € is related to the angle 6, between the polarization plane and the z axis via

€e=2cosf — 1. (2.45)
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It is now possible to find expressions for the structure functions Fy and F5 using

Equations 2.34, 2.41 and 2.43:

2
9
By =|qlor 0 (2.46)
(Q% + M?2)?
and
2 2
g Q
o IR -

2.4.2 Cross-Section Calculation

Substituting the relations for F; and F, from Equations 2.46 and 2.47 into
the equations for the cross-section 2.38, the differential cross-section now has the

form

dzg(u—uf) G%vl ) Qz (o =) (O_T_I_O_L)(p+_>F)

2
W = ﬁﬁglpm q| [ 9 |q|2 (4EE' - Q7).

p

(2.48)
Using the kinematical relationship

4EE' — Q*
€= IEm STy (2.49)
the weak cross-section from Equation 2.38 can be simplified to
d?’c(vN — IN") G% , |d| Q? 1
= ——g; — 1+ €R). 2.50
dQ2dv e g (e g a1 — 0Tt eR) (2.50)

In this equation, g, is the p meson decay constant, and R is the ratio between the
transverse and longitudinal p nucleus cross-sections and is model dependent.
Based on dispersion relations, the cross-section ratio R, can be parameterized

R(Q*) = o"(@Q*)/o"(Q%) = €Q*/M] (2.51)

for small @? values, (@ < 1 GeV?). For real mesons, the ratio of cross-sections ¢?
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is given by
€2 =o%(p)/aT(p) ~ 0.4. (2.52)

This parameterization does not hold for higher values of Q2.
It now remains to derive a form for the transverse vector meson cross-section,

or. Two specific models for doing this are outlined in Sections 2.4.3 and 2.4.4.

2.4.3 The Rein And Sehgal Formulation

The hadron-nucleus differential cross-section can be expressed in terms of the

hadron-nucleon differential cross-section [13] as

do(hN — hN)
dlt|

o do(hn — hn)
d ¢ ’

t=0

— A% |Fy(1)] (2.53)

where N refers to the nucleus and n refers to the nucleons. A is the atomic number of
the nucleus and Fy(t) is the nuclear form factor, which includes absorption effects.

Using the optical theorem,

T — ot ) (250

where 7 is the ratio of real to imaginary parts of the forward elastic scattering

amplitude and is given by

_ Rfm(0)
S fon(0)’

r is model dependent and is usually taken to be 0.

(2.55)

In this formulation the nuclear form factor from Equation 2.53 has an expo-

nential form

|Fn ()] = e Fy,, (2.56)

where the relationship between b and the nuclear radius R, is given by

1
b= §R2, (R = RoAY3), Ry = 1.12fm. (2.57)
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The model used by Rein and Sehgal describes absorption in the nucleus in

terms of F,p,, a t-independent attenuation factor:
Fabs - e_E/A (258)

where T is the average path length and X is the absorption length. A is defined in
terms of the pion-nucleon inelastic cross-section and the nuclear density p. Following

the method outlined in [13] one can arrive at the following expression for F,:

94 ) | (2.59)

167TR(2) Oinel

Faps = exp (—

Experimental data on coherent p production [47], gives Fyp, = 0.47 £ 0.03.
Substituting Equation 2.54 and Equation 2.56 into Equation 2.53 leads to

the relation
do(hN — hN A?
o dt—> ) = 1 [o(hn)]?(1 —|—7‘2)e_b|t|Fabs. (2.60)
T

The o(hn) cross-section is usually chosen to be that at v = Ej.

The Resultant Cross-Section

Substituting Equation 2.60 into Equation 2.50 the resultant cross-section
using the Rein and Sehgal model is

PwuN - ppN) _ G ,lal @ 1 A
= % 1 2 1o () (14r2)e by,
d@Q?dvdi im? B (7 MR 1 - ((IFeR) g lo(hn)](1+r7)e b
(2.61)

It is claimed by Bel’kov & Kopeliovich [14] that the formula used by Rein &

Sehgal [13] is wrong because it contradicts the diffraction character of 7 A scattering.

2.4.4 The Bel’kov And Kopeliovich Formulation

Starting with Adler’s relation and parameterizing the differential cross-section

in terms of the square of the transverse component of 3-momentum transfer, kT,
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the differential cross-section can be written as

do

e = |Fw(@)

do

— 2.62
T (2.62)

kr=0

where |Fn(Q?)| is a nuclear form factor.

Following the Glauber theory approach of Bel’kov and Kopeliovich [14], the
scattering potential for high energy hadron-nucleus elastic scattering can be ex-
pressed as

) . . L _hn [T ;5 /
gV (k) = Z4|—q|/d2b/dze’kaeszzah"pN(b,z)e_iah Jo delonba), (2.63)
s

In the heavy nuclei approximation Byy < R%/2, and in the limit k;, = 0 one

can square Equation 2.63 and integrate over z such that

2o d3o™ 2 : Lk 2
2 _ _ e 21 kb — o T(b)

= = d“be™*T° (1 —e™ 2 2.64

g dk |, 7k k:o‘ahn‘/ e ( e ) ; (2.64)
where the profile function of the nucleus is
+ o0

T(b) = / dzp(z, b), (2.65)

bh— bl)2
5(2,) = [ d*¥pw(z,¥ _-bF 2.
3e,8) = [ (et p e (-5 ) (2.6

pn(z,b) is the single-particle nuclear density and is a function of b, the impact pa-
rameter ® and the hadron direction z. By, is the slope parameter of the cross-section
for elastic scattering. All formulae were generated in the optical approximation.
Under the above limiting conditions, an exponential dependence on k% can
be made such that Equation 2.64 becomes
BohN

dk

dO'hN
dk

e Brkr (2.67)
k=0

ky, =0

3h is a two-dimensional vector lying in the plane perpendicular to the z-axis and is thus inter-
preted as the impact parameter.
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Again taking the ratio of real to imaginary parts of the forward scattering amplitude

to be zero (r = 0), the slope is represented in terms of the impact parameter b by

]_ ]_ _La.h'n.
BT = 5 < b2 >= Uw/dzb b2 (1 —€e 2 T(b)) . (268)

The total pion-nucleus cross-section is described by
otV — 2/d2b (1 - 370 (2.69)

Physically, the slope Br is a measure of the transverse dimensions of the nucleus,
Br ~ A3,
The form factor F4(Q?) can be written as a product of the nuclear form

factor and the nucleon form factor

Fu(Q%) = Fn(Q*)Fa(Q7). (2.70)

The Glauber mechanism allows us to write

~ hn +o0 . 1 n oo 7~ ;
(@) = 2 / d%b /_ doetho® (b, z)e~37" [ 400 (2.71)

oh

In the limit @* < 2v/R4, the above Equation 2.71 simplifies to
Fn(Q?) = e 3Bk (2.72)
where By, is the square of the width of the z-distribution averaged over the nucleus,
B =<2?>-<z>%. (2.73)

This averaging over the nuclear radius is done after consideration of absorption

effects,

< 2" >= &/dzb/w dz z”p(b,z)e_%‘”"”fzoc dz'p(b2") (2.74)

OhN
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The slope By, is physically related to the cross-section of the meson in the nuclear
matter on its way out of the nucleus, ie it defines the depth of the nuclear slice on
which the coherence condition applies. The slope of By, is sensitive to the parame-
terization of the nuclear density near the surface of the nucleus.

The nuclear density function is also model dependent and can take either the

Woods-Saxon form

pr) = po(1+ eTZR)_l ,
3A

o 2 2,p2\ !
po = (1—|—7ra/R) , (2.75)

or the harmonic oscillator form

p(r) = po (1 +8 (%)2> el

Many analyses make the approximation that b ~ Br =~ Bp. This assumption

kel

) (2.76)

has no a priori physical basis but is validated experimentally for nuclei used in
bubble chambers, like neon. In fact, the difference between Br and By increases
with A [14] as shown in Figure 2.5. Br increases faster than By, because it is more
directly related the radius R [6]. As carbon has a smaller nuclear radius than neon,
the approximation that By ~ Br is even more valid for this analysis. This analysis
uses carbon nuclei and the approximation By, = By = b = 56.6 GeV~2. For p
production, the p-nucleon cross-section was taken to be the same as the m-nucleon

cross-section, due to a lack of direct measurement.
o(pn) = o(mn) = 24.0 mb. (2.77)
The relationship between ¢, t,in, kz and kr is given by
k2 2 toin, (2.78)

k2~ |t| — tomin = ¥, (2.79)
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Figure 2.5: A comparison of Br, B, and b (from the Rein and Sehgal model) as a
function of atomic number.
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N N
do _ do eBrtmin o~ Brt' (2.80)
dkr  dkr |, _,
This result was obtained using the limiting case k;, = 0 and kr = 0, but the result
is assumed to be valid for k;, and kr as long as they remain small.
Using Adler’s theorem and the optical theorem, an expression for the cross-
section for coherent neutrino production can be found such that
a2
do(hN)  (o™)

Substituting Equations 2.79 and 2.80 into Equation 2.81, the relation for the hadron
nucleus elastic scattering cross-section can be expressed as a product of two expo-

nentials \
dO hN 0 h 2 2
agk% ) = (16 ) (1 + rz)e_BTkTe_BLkL. (2.82)

The Resultant Cross-Section

The final cross-section using this model after the combination of Equations 2.50
and 2.82 is given by

d(vuN — ppN)  G% lq| g5+ Q? (1 ER)a2(hN)
dQ?*dvdt C4m?E21 — e (Q% + M2)? 167

(1 _I_ Tz)e—BTkg.e—BLk%‘

(2.83)
Using the approximation that By = By = b = 56.6 GeV 2 justified in Figure 2.5
and the above discussion, and the relationship between kr, ki, and ¢ described in
Equations 2.78 and 2.79 the cross-section can be written as

d&*(vuN — pupN) G_%v@ 92 Q? (1+ eR)Uz(hN)
dQ?*dvdt C4m2 E?21 — ¢ (Q% + M2)? 167

(1+72)e™®. (2.84)

2.4.5 Comparison of the models

Previous experiments were performed with bubble chambers mostly using
neon nuclei. For these experiments, the choice of model made very little difference

to the result, since numerically both models are similar and indistinguishable within
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experimental uncertainty. Figure 2.6(a) shows the cross-section as a function of
energy for coherent diffractive interactions from neon nuclei.

For carbon nuclei, as in the NOMAD detector, again the models are numeri-
cally similar. Figure 2.6(b) shows a comparison of the different models for coherent
diffractive scattering from carbon nuclei. This plot shows the difference between
the cross-section using the Rein and Sehgal model and the Bel’kov and Kopeliovich
model.

As can be seen from Figure 2.6 for neutrino energies of around 25 GeV and
carbon nuclei as in the NOMAD experiment, we can expect to measure a cross-
section in the range (40 — 70) x 107*° ¢m?, depending on the model used. For
similar neutrino energies, but on neon nuclei, as in previous CERN bubble chamber
experiments, we can expect a slightly higher cross-section measurement in the range
(60 — 110) x 107* cm?, again the exact value depends on the model used. Thus,
in changing from neon nuclei to carbon nuclei over the neutrino energy range at
NOMAD a drop in the cross-section of around 40% is expected.

This chapter has outlined the coherent diffractive model beginning with
a description of the diffraction mechanism, the coherence condition and hadron
dominance. The kinematics of coherent diffractive scattering have been described.
The theoretical cross-section has been calculated under the diffraction model to be
(40 — 70) x 107* ¢m ™2 /carbon nucleus, depending on the exact form of the model

used.
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Figure 2.6: A comparison of the cross-section predictions on (a) neon nuclei and (b)
carbon nuclei for different models.
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The NOMAD Detector and the

Neutrino Beam

The NOMAD detector is shown in Figure 3.1. In the NOMAD coordinate system
the z-axis is into the plane of the figure, the y-axis is towards the top of the detector
and the z-axis is horizontal and approximately coincident with the neutrino beam

axis. In reality, the neutrino beam points upward at an angle of 2.4° to the z-axis.

NOMAD was primarily designed [15], [16], [17] to search for neutrino oscil-

lations
v, u—osc,'i\liations v, (31)
via a search for the the 7-lepton
v, N - 17X (3.2)

and its subsequent leptonic decays

T — Uplee€,

—  UrVylh. (3.3)

NOMAD will also look for the hadronic decay modes of the 7.
The method employed in this search is one of kinematical criteria. Basically,
NOMAD looks for missing transverse momentum (pr) in an event due to the non-

detection of the neutrinos from the 7 decay. These decay neutrinos take a significant

29
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proportion of the original neutrino momentum. Hence, the missing pr from these
interactions is greater than that from v, charged current interactions, where the
missing pr is due to the mismeasurement of the hadron momentum vector !, or
from neutral current events, where the missing pr is due to the missing neutrino. A
careful and precise measurement of pr is needed in order to distinguish the signal
from the background.

As a result, the detector is well suited to look for a range of other neutrino in-
teractions, in particular those that require a good measurement of missing transverse

momentum, such as coherent diffractive p interactions.

The NOMAD detector [20], [19] consists of the following parts:

A dipole magnet providing a 0.4 Tesla magnetic field in the z-direction.

A forward (front) calorimeter to aid the search for heavy leptons, positioned

inside the magnet support.

e A honeycomb structure target made predominantly from carbon oxygen and
nitrogen. The target is interspersed with drift chambers, designed for tracking
and momentum measurements and is enclosed in the magnetic field. Further

details are given in Section 3.4 and in Section 4.5.2.

e A series of Transition Radiation Detector (TRD) modules, each comprising of
a radiator, a detector and a drift chamber. All modules are positioned inside

the magnetic field. The TRD greatly enhances the identification of electrons.

o A lead-glass Cerenkov counter electromagnetic calorimeter (E.M. Calorimeter)
and preshower (PS) system, positioned at the end of the target volume inside
the magnet. This is designed to measure electron energy as well as photon

energy and angle from electromagnetic shower information.

e Two scintillator planes, one at the end of the target, the other in front of the

preshower, provide the trigger for the detector.

!The hadron momentum vector is the sum of all the momenta of particles X in Interaction 3.2.
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Figure 3.1: The NOMAD detector in cross-section.
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o Two further scintillator planes at the front of the target area and mostly
outside the magnetic field provide a veto against contamination of the neutrino
beam by charged particles such as high momentum muons. The veto was
designed, constructed and maintained by the Australian groups of which the

author was a member.

e An hadronic calorimeter was added in 1995, with the purpose of better mea-
suring the hadronic shower energy and hence missing pr. This reduces inefhi-

ciencies due to “lost” neutral hadrons.

e Muon identification chambers complete the detector, being positioned at the

back of the detector and outside the magnetic field.

The most important subdetectors to the search for coherent diffractive p are
the drift chambers and the E.M. calorimeter. The drift chambers provide the mo-
mentum measurement with good resolution, for charged tracks, while the preshower
E.M. calorimeter combination provides information on the energy and position of

© — 44 decay. Events are flagged as one muon events by muon

the photons from 7
chamber information. The muon chambers are also used to help distinguish the p

from the 7.

3.1 The Magnet

The magnet used in NOMAD was recuperated from the UA1l experiment.
This magnet provides a uniform dipole magnetic field of 0.4 Tesla in the z-direction
and enables NOMAD to reconstruct charge and momentum. The target and drift
chambers, TRD, preshower and E.M. calorimeter are positioned inside the magnetic

field, while the remaining subdetectors sit outside it.
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3.2 The Forward Calorimeter (FCAL)

The forward calorimeter uses the iron in the support pillar to add additional
instrumented target mass to NOMAD. The instrumentation is done by a series of

scintillators interspersed inside this support.

3.2.1 Geometry

The forward calorimeter [19], [20] is made from the 23 iron plates of the
support pillar of the detector. It has an area of 1750 mm x 1850 mm as seen by the
neutrino beam, and a thickness of 5 nuclear interaction lengths or 490 mm. Its mass
is around 17.7 tons. Each plate is separated from the others by a gap of 18 mm.
Scintillators are inserted in twenty of these gaps and are designed to measure the
energy and position of any hadronic showers that may occur in the iron plates. Each
scintillator measures 1750 mm x 185 mm x 6 mm, and is read out on both sides by
photomultiplier tubes. Groups of five scintillators are read out together, as shown
in Figure 3.2. These modules are arranged such that there are ten modules stacked
vertically and four planes of modules, one behind the other with respect to the beam

direction.

3.3 The Veto

The NOMAD veto has a two-fold purpose. It was designed to act as a
safeguard against muons faking neutrino interactions in the target, and as a means of

reducing the trigger rate from large angle cosmic rays and against charged particles

produced upstream of NOMAD.

3.3.1 Geometry

The NOMAD veto is made from 59 plastic scintillators and covers an area
of 5 x 5 m?. The scintillators, coated with light proof black plastic, are supported

by an aluminium frame situated in front of the magnet. The veto counters are



34 Chapter 3. The NOMAD Detector and the Neutrino Beam

ﬂ v-beam

175 cm

Figure 3.2: A schematic top view of the forward calorimeter.
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grouped into eight banks. Figure 3.3 shows a diagram of the veto bank structure.
An independent subsection of the veto, V3 or bank 8, sits in front of the detector
support, and serves as a veto for the forward calorimeter.

If a minimum ionizing particle passes through the veto, its scintillation light
is collected by light guides, then detected by photomultiplier tubes positioned at
both ends of the scintillator paddle.

3.3.2 [Efficiency

The veto efficiency is measured using straight through muons from the muon
spill, see Section 3.12 for details of the spills. A coincidence is made using CHO-
RUS 2 the trigger planes and the muon chambers. In this way the veto efficiency
was measured to be 96 — 97%.

3.4 The Drift Chambers (DC)

The main functions of the NOMAD drift chambers [18], [19], [20] are to
provide a target for the experiment, to measure the positions of vertices and tracks
in the detector and to measure track momenta. This information is then used to

reconstruct the event.

3.4.1 The Target

3

A target, with a fiducial mass of 2.5 tonnes ° is obtained by a combination

of chambers and target. The honeycomb structured target is made from phenolic

resin (C7HgO),, and aramide (C14H1002N,),. The fiducial area, perpendicular to

the beam axis is usually taken to be 2.6 x 2.6 m?. However, other fiducial cuts are

2CHORUS is an independent upstream experiment also searching for neutrino oscillations.

3Problems with the drift chambers during the initial stages of data taking meant that the
chambers were installed in a modular fashion. During the first part of 1995 only 4 drift chamber
modules were installed. Data taken from July of 1995 were taken with 8 drift chamber modules,
while data taken from September 1995 had the full quota of 11 drift chamber modules. The fiducial
mass described above is that for the full quota of drift chambers. However, the actual fiducial mass
present during data taking periods was the mass used for the calculation of the cross section in
this analysis.
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sometimes applied. The target and chambers are constructed from low density, low
atomic mass (Z), material thus minimizing the number of radiation lengths traversed
by the interaction products. At the same time, the design maintains a significant

target mass, maximizing the number of neutrino interactions.

3.4.2 Chamber Geometry

NOMAD contains 49 drift chambers in all. 44 of these chambers are arranged
into 11 modules of 4 chambers each and are positioned in the front of the detector.
The remaining five modules are interspersed with TRD modules.

Each chamber is made from 3 planes of sense wires, two planes being rotated
with respect to the magnetic field é, such that there are planes with wires at 5°,0°
and —5° with respect to the magnetic field. Each chamber has a radiation length
of 0.02X, and no measurement is separated by more than 0.01X,. A schematic of a

drift chamber is shown in Figure 3.4.

3.4.3 Resolution

These drift chambers are able to obtain a spatial resolution of 200 pm in the
z or drift direction, and of 2 mm in the y direction or the direction perpendicular

to the magnetic field. The active area of the chamber is restricted to
—130 < z,y < 130 em. (3.4)

The momentum resolution of the chambers for charged particles other than

electrons is given by

op 005  0.008p
p VL VIS

where L is the track length in metres and p the measured track momentum in

(3.5)

GeV/c. The first term arises from multiple scattering and the second from the
single hit resolution of the chambers. For particles with momenta up to 10 GeV/c

and track lengths less than 1.4 m, the multiple scattering term dominates.
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Figure 3.4: The schematic layout of the drift chambers.
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3.4.4 Track Reconstruction

The drift chamber reconstruction [21]is based on building triplets, searching
for a helix, collecting hits, finding a candidate track, and fitting that track using
the Kalman filter. The Kalman filter is used as a method of incrementally adding
points to a track. A more detailed description of the Kalman filter can be found in

[22].

1. A triplet is made from three hits, one in each plane (5°,0° and —5°) of a

single chamber.

2. Once three triplets are found, a test is made to see if they can be fitted
by a helix.

3. Once the helix is defined, a search is made for hits in a “road” near the

helix.

4. An attempt is made to add hits found within this road to the track. If
the hit can be included in the fit within a certain x?2, then it is added to

the hit record and the fit is adjusted accordingly.

5. Hits that can not be added to the track in this way are removed from the

sample.

3.4.5 Vertex Finding and Fitting

When a particle interacts in the detector, the subsequent charged interaction
products are observed as tracks in the drift chambers. In an ideal detector, i.e. one
with infinite resolution, the interaction point would be coincident with the origin of
these tracks. This point is known as a vertex.

In a non-ideal detector, the vertex position must be estimated from track
information. Furthermore, it is not possible to know a priori which track belongs
to which vertex. The vertex position and event topology are not independent and
the position of the vertex will be affected by which tracks are assigned to it. If the

fit on the vertex position is poor, tracks may be added to or subtracted from the
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vertex in an attempt to improve the fit. This process could easily become extremly
time consuming. Hence an efficient algorithm is needed to find and fit vertices.

In the method used by the NOMAD vertex software package [23] (Kalman
filter method), an initial vertex is estimated. Information from the first track is
then used to give a new vertex estimation. A weighted mean, a x? minimization, is
used to combine the two estimates. The process is repeated for each track until the
final vertex position is found. With this method it is not neccessary to estimate the
initial vertex position very accurately. The initial vertex is simply given a weighting
of zero and consequently the vertex position is governed by the weight of the tracks.
In this manner a fast and simple means of vertex fitting is performed.

The most upstream vertex is considered to be the neutrino interaction point
and is known as the primary vertex. Downstream vertices are the result of interac-
tions of products of the primary interaction and are known as secondary vertices.
Vertices with no incoming track and two oppositely charged outgoing tracks are
known as V%. These can originate from photon conversions to electron-positron

_|_

pairs v — eTe” or from decays of neutral particles to two oppositely charged parti-

cles such as K° — wtn~.

Using this algorithm, it is possible to have vertices made from only one track.
Furthermore, points at which tracks from charged particles are observed to stop in
the detector, whether through ranging out or by interacting where the interaction
products are not observed are also considered vertices.

The NOMAD drift chambers have the ability to find secondary vertices (in-

cluding V%) down to a distance of lcm from the primary vertex.

3.5 The Trigger

The NOMAD trigger planes [18] [19], [20] are made from two planes of scintil-
lator. Various triggers can be selected and these are described more fully in Section

3.13.
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3.5.1 Geometry

There are 64 scintillators of dimensions (199 x 124 x 5) mm?®. The scintillators
are arranged into two trigger planes. Each plane presents a cross sectional area of
2.80 x 2.86 m? to the beam.

The first plane is situated just after the target and before the TRD, the
second just after the TRD and before the preshower. Adiabatic light guides take
the scintillation light from the trigger to magnetic field resistant (prozimity mesh)
HAMAMATSU R2490-05 photomultipliers. These photomultipliers operate with

about 70% of the response they would have without a magnetic field.

3.5.2 [Efficiency

The trigger efficiency for each plane is measured by counting the coincidences
between hits in the muon chambers and hits in the veto. The trigger operates with
an average efficiency of 97.5 & 0.1% for single tracks, and with an efficiency greater

than 99.5% for multiple track events.

3.6 The Transition Radiation Detector

A transition radiation detector [18] [19], [20] was installed in NOMAD with
the aim of distinguishing electrons from other charged particles produced by neu-
trino interactions. It utilizes the principle that when a relativistic particle traverses
a junction of two materials with different dielectric constants, transition radiation
photons are emitted. The amount of transition radiation emitted is inversely pro-
portional to the mass of the particle, and so is greatest for light particles such as
electrons. Transition radiation X-rays from electrons are detected by a detection

plane.
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3.6.1 Geometry

The TRD is made from 9 modules. Each module is made from a radiator
followed by a detection plane.

The radiator is made from 315 polypropylene foils, each 15 pwm thick and
separated from the next by an air gap of 250 pum. As an electron passes through the
TRD, a few photons with energy in the KeV range are produced for every air gap.

The detection plane consists of 176 vertical straw tubes, each tube being 3 m
long and having a diameter of 16 mm. The tubes are made from mylar ribbon and
are filled with a gas mixture of 80% Xe and 20% C H,4. This gas mixture was chosen
because it has a large cross-section for photons in the expected energy range.

Eight TRD modules are arranged into four groups. A group is formed by two
TRD modules and a drift chamber. These four groups are followed by the remaining
TRD module, which in turn is followed by five more drift chambers. The TRD is
calibrated by the use of an Fe®® (E, = 5.89KeV) source.

Electron Identification and Efficiency

Electron identification in the TRD [20] is based on the “likelihood ratio”
method. This method uses the difference in energies deposited in the straw tubes
by charged particles of different Lorentz factors (y = E/mc?). Heavier particles
with small Lorentz factors, such as pions, deposit energy in the straw tubes mostly
by ionization losses. Lighter particles with large Lorentz factors, such as electrons
emit transition radiation X-rays as they traverse the radiator.

Electrons are identified by calculating a likelihood ratio for each reconstructed
TRD track. The likelihood ratio, Equation 3.6 is a function of the energy deposited
in the ¢** straw tube of the TRD (¢;), and of the probability density functions
(P(ele)) and (P(e|m)) of an electron and a pion of given momentum to deposit the
energy ¢ in the 7" straw tube. These probability functions must be calculated a
priori for all possible detector and particle parameters. In the case of NOMAD
they were obtained from Monte Carlo TRD simulations. More detail on the TRD
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electron identification algorithm can be found in [39].

P(ele)
P(e]m)

N
LH = Z log (3.6)
i=1

The likelihood threshold value is set according to what pion contamination
is acceptable or to what electron acceptance is required. The TRD is able to obtain

a rejection factor against pions of ~ 1.6 x 10* for an electron efficiency of 90%.

3.7 The Preshower

The preshower [18], [24], [19], [20], has two main purposes. The first pur-
pose is to distinguish, in conjunction with the TRD and elctromagnetic calorimeter,
between pions and electrons. The method used to achieve the 7/e separation was
to instigate an electromagnetic shower by the use of a lead converter, and then to
detect and to measure this shower using a detector made from proportional tubes. A
distinction occurs because electrons and photons have a high probability of initiating
an electromagnetic shower, whereas pions have a low probability of interacting.

The second purpose of the preshower is to give a better spatial resolution on
electromagnetic showers. The proportional tubes are a factor of 10 narrower than
the lead-glass blocks used in the E.M. calorimeter. Hence it has a significantly better

spatial resolution.

3.7.1 Geometry

The converter is made from two planes (2.880 x 2.880) m? of lead-antimony
(96%Pb, 4% An). Each plane is 4.5 mm (1.6X,) thick. The planes are separated by
a 2 mm thick aluminium support plane.

Directly behind the converter, after an air gap of 4 mm, sit two planes of
proportional tubes. One plane consists of 288 vertically orientated tubes. The
other consists of 286 horizontal tubes. The vertical plane is 2.89 m long while the

horizontal is 2.92 m long. The tubes are square with dimensions of 9 mm x 9 mm
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and are filled with a gas mixture of 80%Ar and 20%CO,. Each tube has a tungsten
anode of 30 pm diameter. The anode is set to a potential of around +1500 V', which
gives a gain of ~ 2000. These planes are separated by an aluminium support piece

of thickness 2 mm. Figure 3.5 shows a diagrammatic outline of the preshower.

Assembly of the NOMAD Preshower

Lead converter
4% Antimony,
9 mm thickness

+ 2 mm Aluminium

\

Aluminium plates

_
0.5 mm thickness

Horizontal tubes (Aluminium)
Wall thickness : 1 mm
Useful cross-section : 9 x 9 mm?

Two horizontal tubes servingas ———®
gas manifold for the vertical ones

Aluminium plate
1 mm thickness

Vertical tubes /ﬁ

(Aluminium)

»
>

Closing block (stesalite)

holding the stretched wires e

Aluminium plates
0.5 mm thickness

Figure 3.5: A schematic of the NOMAD preshower.

3.7.2 Performance

Tests have shown that the preshower alone is able to distinguish electrons
from charged pions with an efficiency of 90% while maintaining a pion contamination
of less than 10%. Once information from the E.M. calorimeter is added, the pion
contamination is reduced to 4 x 107*.

The spatial resolution of the preshower can not be measured directly, but is
estimated [20] to be 10 mm. Consequently, it is possible to measure the position of

electromagnetic showers with a resolution of 10 mm.
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3.8 The Electromagnetic Calorimeter

The E.M. calorimeter [18], [20], [25] was built to measure the energy of pho-
tons and electrons, and in combination with the preshower, to determine the position

and direction of the photons. This measurement is discussed further in Section 4.3.2.

3.8.1 Geometry

The calorimeter consists of 875 lead-glass Cerenkov counters of dimensions
(79 x 112) x 500 mm?3. Each block is (19X,) deep. These blocks are arranged so
they cover an area of (2.8 x 2.8) m? in a plane perpendicular to that of the beam
direction.

This calorimeter is positioned after the TRD and inside the magnetic field.
To overcome the problem of the magnetic field, the face of each block was cut at
an angle of 45° with respect to the field, and then coupled to the photo-tetrodes
using an epoxy resin with a refractive index n = 1.484 at 589 nm. This gave an
increased response factor as well as increased mechanical stability when compared
to a purely mechanical coupling. Figure 3.6 shows the E.M. calorimeter structure

more explicitly.

3.8.2 Calibration

The energy response of the electromagnetic calorimeter was calibrated using
a 10 GeV/c electron beam. The beam was centered on each tower and 3000 electron
counts were taken in coincidence with a trigger. Some anti-coincidences were also
taken in order to measure the pedestals of the towers. The calibrated energy for

each tower 7 is given by

Ei = OéiADCZ', (37)

where ADC; are the pedestal subtracted signals and «; are the calibration constants.
A full description of the calibration is given in [26].

The electromagnetic calorimeter response is monitored by the use of blue
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Figure 3.6: The Electromagnetic Calorimeter Structure
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LEDs. The response was found to be uniform to within 1% over the whole face of
the block. The stability has been shown to be better than a few parts in a thousand

over periods of several months.

3.8.3 Energy Resolution

The energy resolution of the E.M. calorimeter is affected by [27]:
o fluctuations in the energy deposition in the E.M. calorimeter (1.2%/\/@)

e the number of photo-electrons detected

the lateral energy leakage

the longitudinal energy leakage (0.8% at 80 GeV')

the intrinsic noise of the electronic chain (&~ 11 MeV per tower).

The energy resolution of the NOMAD E.M. calorimeter is described by a two

parameter fit such that
o(E)

b
7= (a+—=)% (3.8)

VvE
where E is in GeV, a = (1.04 +0.01) and b = (3.22 + 0.07).

3.8.4 Linearity

To detect deviations from linearity, a lead-glass module was exposed to an
electron beam of energies in the range from 1.5 to 80 GeV. The total deposited
energy was examined as a function of the beam energy. If the relationship were
purely linear then E,cqsured = 0Edeposited- However, two significant contributions to

the deviation from linearity were observed.

o Light produced by a electromagnetic shower will be attenuated on its path to
the photocathode due to absorption in the lead-glass. The further an elec-

tromagnetic shower is from the photocathode, the more it will be attenuated.
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Since the longitudinal profile of an electromagnetic shower depends on its en-
ergy, this suggests a nonlinear increase with energy in the detector response.

Thus this non-linearity is corrected by applying the following:

B E
~ 140.038log £°

!

(3.9)

where E(GeV) is the energy released by the particle, E'(GeV') is the cluster
energy (a cluster is defined below in Section 3.8.5) and e = 0.038 is the fitted
parameter. After application of this correction, the response of the calorimeter
to normally incident particles is linear to less than 1% for all energies in the

normal NOMAD operating range.

| E GeV | E' GeV |

5 5.06
10 10.00
20 19.77
40 39.10

Table 3.1: The non-linear response of the calorimeter.

The angle at which the particle entered the calorimeter. Since the calibration
as described above is only valid for particles incident normally to the face of
the E.M calorimeter, a correction needs to be applied for particles incident
away from this normal. This correction was measured up to 20 degrees and

applied up to 26 degrees:
E

\cosf’

6 is the incident angle of the particle with respect to the tower’s axis.

E' =

(3.10)

3.8.5 The Electromagnetic Calorimeter Clustering Algorithm

Energy in the E.M. calorimeter is measured via the cluster energy. A cluster

[28] is a collection of adjacent calorimeter cells satisfying the following conditions:
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e A cell must have a minimum of CELMIN (10 MeV) deposited in it in order

to be considered as part of a cluster.

o The seed cell used to build the cluster is the first cell found in the cell bank
with energy above a given threshold, CLSMIN (= 30 MeV).

o All adjacent cells with energy above CELMIN are added to the cluster.
o The cluster building stops when no other adjacent unused cell is found.

o The cluster is kept if it has a total energy above a threshold CLSMIN, allowing

the possibility of clusters with only one cell.

o The cluster centroid is computed using the centre of gravity method, while the

cluster radius is found by computing the standard deviation of the distribution.

3.9 The Hadronic Calorimeter (HCAL)

The hadronic calorimeter [18] is used to detect neutral hadrons, which would
be otherwise undetectable, as they leave only a small part of their energy in the
electromagnetic calorimeter. It is also designed to find photons, whose energy is
mixed in with that of charged particles in the E.M. calorimeter. This detector is
important to the search for neutrino oscillations as an aid to reducing background
from missing pr, but is not used in this analysis and so is only described breifly

here.

3.9.1 Geometry

The hadronic calorimeter, located downstream of the E.M. calorimeter, is
built from the iron endcaps of the magnet, interspersed with long scintillator paddles
which are read out at both ends. The iron serves as an absorber for the hadronic
calorimeter and the scintillator as a sampler. The position of the hadronic shower

is found in the vertical direction by looking at which scintillator was hit, and in



50 Chapter 3. The NOMAD Detector and the Neutrino Beam

the horizontal direction by the ratio of pulse heights at each end coming from that
paddle.

There are 23 longitudinal layers of scintillator in the HCAL. The first is
before the first iron layer, followed by one in each gap in the endcap. Each layer is
made from 20 paddles of dimensions 184 mm. The total active area of the HCAL
is (3.5 x 3.9) m?.

3.9.2 Resolution

The energy resolution of the HCAL is given by

U(Jf) < \1/—% (3.11)

In the vertical direction, the resolution is limited by the physical size of the paddles
and so dy ~ 20 cm. In the horizontal direction, the position resolution is typi-
cally 20 ¢m. In this direction, the limitation to the resolution is caused by photon

statistics, ie the amount of scintillation light generated.

3.10 The Muon Chambers

In NOMAD, muons are identified via a series of muon chambers [18],[19],[20].

3.10.1 Geometry

There are ten chambers in all, filled with an argon 40%, ethane 60% gas
mixture. Each chamber has the dimensions (3.75 x 5.55) m? and has four wire
planes, two each in of the vertical and horizontal directions. All together, there are
1210 drift cells. Each drift cell has a maximum drift distance of 70 mm.

The chambers are arranged into five pairs for the purpose of track recon-
struction. The first station, consisting of three pairs, is placed behind the magnet
return yoke which serves as an iron absorber (8 interaction lengths thick). The sec-

ond station, consisting of the two remaining pairs of chambers, is situated behind
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an 800 mm (13 interaction length) iron wall. Figure 3.1 more clearly shows the

position of the muon chambers.

3.10.2 Performance

The NOMAD muon chambers have a position resolution of 400 gm in both
the vertical and horizontal directions. It is also possible to measure momentum of
tracks in the muon chambers, though of course not as accurately as tracks measured
in the drift chambers. Muon momenta are estimated in the muon chambers from the
amount of multiple scattering in the iron wall, the scattering angle being inversely
proportional to the track momentum. This method requires that the muon be

energetic enough to reach the second muon station.

3.10.3 Reconstruction

If both muon stations record some in-time hits, then track segments are
reconstructed individually for each station, using typically three or four hits per
projection. The measured efficiency for track segment reconstruction is 97%.

Once two track segments are reconstructed, an attempt to reconstruct muons

was made using the following algorithm [29]:

o For each track segment in the first station, a partner in the second was searched

for.

o If a partner is found, the tracks from each station were extrapolated to the

centre of the iron wall between them.
e The angular and spatial mismatch between them were calculated.

e The angular mismatch between the two tracks was used to estimate the muon
momentum, assuming this mismatch is due only to multiple scattering in the

iron wall.

o Using this estimate of muon momenta from the angular mismatch, tracks were
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extrapolated back to the central detector and matched with a drift chamber
track.

e The drift chamber information then gives an accurate meausure of the muon

momentum.

If only one muon station records some in-time hits, then a muon can still be

reconstructed. In this case:
o The track segement is extrapolated back to the central detector.
e The drift chamber information then gives a meausure of the muon momentum.

Muons with a momentum greater than 2.3 GeV/c have at least a 50% prob-
ability of being measured in the front muon chambers. Muons with momentum
greater than 3.7 GeV/c have a more than 50% chance of being measured by the rear
chambers. Figure 3.7 illustrates this point.

50%

2.3 3.7 P(GeV/c)

Figure 3.7: The efficiency for detecting muons. Line (a) represents the probability
(€) for a particle of momentum P to be detected in the first muon station. Line (b)
represents the same probability for the second station.

The reason some muons of a given momentum will reach the muon chambers
whereas others will not is due to two reasons. The first is the angular distribution of
the muons. Some muons will exit the side of the detector whereas others will pass
straight through to the muon chambers. The second reason is the distribution of

interaction points in the detector. Muons arising from interactions near the start of
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the detector will have a lower probability of reaching the muon chambers than those
arising from interactions near the end of the detector. These points are discussed in

some detail in Section 4.3.1

3.11 An Example Of A Reconstructed Event In NOMAD.

Figure 3.8 shows an example of a real candidate v, charged current event
(vuN — pX) as reconstructed by NOMAD. Three views are shown, the detector as
seen from the side (YZ view), the top (XZ view) and the front (XY view). In this
diagram, tracks are represented by lines. E.M. Calorimter clusters are represented
by small “spikes” in the top and side views and in the front view by shading of the
lead-glass cells.

The muon candidate is clearly seen. It is the only track to traverse the whole
detector and to pass through the iron walls to leave a signal in the muon chambers.
The energy deposited in the E.M. calorimeter by this muon can be seen as the cluster
at the same position as the muon track in the calorimeter.

A potential photon conversion (y — e'e™) can be seen in the side view
towards the middle of the detector. Two oppositely charged tracks appear from the
same secondary vertex.

A potential neutral particle, for example a photon, can be seen as the other
cluster in the E.M. calorimeter. This energy deposition does not have an associated

charged particle track.

3.12 The Neutrino Beam

3.12.1 The West Area Neutrino Facility (WANF)

The CERN Super Proton Synchrotron (SPS) [30], [20] provided a wide band
neutrino beam for the NOMAD experiment. Figure 3.9 shows a schematic diagram
of the layout of the WANF beam line.

The CERN SPS runs on a 14.4 s cycle. Two extractions of the 450 GeV
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Figure 3.8: A reconstructed candidate v, charged current event in NOMAD.



3.12. The Neutrino Beam 55

BCT1 SEMs Al Collimator Reflector Muon Pits Chorus

S W R iy -
S R a=—s= 5 | X

Taj\get TDX collimator Iron Shield

Figure 3.9: A Schematic layout of the WANF beam line.

proton beam are made in two spills (fast/slow extraction) at either end of a 2.6s
long energy flat top, Figure 3.10 shows a schematic representation of the SPS cycle.
During the two 4 ms spills, the proton beam impinges upon a Be target. The target
is made from 11 Be-rods each 3 mm in diameter and 10 ¢m long. Each rod is

separated from the next by a distance of 90 c¢m.

v -gate (4ms) v -gate (4ms)

H

u -gate (2.6s)
(flat top)

Figure 3.10: A schematic diagram of the timing of the neutrino beam.

The secondary pions and kaons produced in the proton-berillium interaction
are then focused using the magnetic horn and reflector. This system operates in such
a way as to focus particles of one sign, while defocusing particles of the opposite
sign. The pions and kaons decay inside a vacuum decay tunnel, 7t — v, ut for

example, to provide neutrinos. The muons from this decay are removed from the
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beam by allowing the beam to pass through a shield of earth and iron. Any muon
surviving this shield is deflected away from the beam via another magnet, leaving
a relatively pure neutrino beam. The NOMAD detector is placed 400 m from the
end of the decay tunnel (835 m from the end of the target).

3.12.2 The Beam Constituents.

The neutrino beam was simulated by the GBEAM [31] package. GBEAM
was able to accurately predict the neutrino energy spectrum and flux at NOMAD.
While the beam consists mainly of muon type neutrinos, a certain percentage of
anti-muon as well as electron type neutrinos can also be found. Table 3.2 [20]
summarizes the ratios of these types of neutrinos. Figure 3.11 shows the simulated

neutrino energy distributions for all types of neutrinos found in the beam.

‘ Neutrino type ‘ E, ‘ Relative abundance ‘ v CC events ‘

v, 24.4 1.00 1.15 x 10°
v, 24.1 0.07 0.39 x 10°
Ve 415 0.01 0.17 x 10°
7 30.4 0.003 0.22 x 104

Table 3.2: The Monte Carlo prediction for the ratio of the different neutrino types
found in the West Area neutrino beam and the corresponding event numbers, as-
suming 2.4 x 10'° protons on target and a fiducial area of 2.6 x 2.6 m?.

3.12.3 Neutrino Beam Performance

The data used for this analysis were taken from the 1995 8-module and 11-
module data taking periods. The measured number of protons on target (p.o.t) and
the number of neutrinos expected at NOMAD (calculated from the beam Monte

Carlo) for each data taking period are summarized in Table 3.3.
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Figure 3.11: The neutrino energy spectrum as predicted by the GBEAM Monte
Carlo package.
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‘ Data ‘ Protons on Target | v,s at NOMAD ‘

4-module 2.80 x 1018 2.86 x 106
8-module 3.35 x 1018 4.25 x 1016
11-module 3.03 x 1018 3.84 x 106
This work 6.38 x 1018 8.09 x 10'¢

Table 3.3: A summary of the WANF beam performance in 1995. (The number of
neutrinos at NOMAD is taken for a fiducial area of 2.6 x 2.6m?)

3.13 NOMAD Triggers

A number of different triggers were used throughout the duration of the
NOMAD experiment. The physics triggers were those that occurred during either

of the two neutrino gates (see Figure 3.10):

1. TvTL,V
2. VE. > 1GeV
3. VSFcal

4. 78T1T2Fcal-

Calibration triggers for the drift chambers, TRD and preshower were taken during

the muon gate:

1. VILT,

2. Vi TyE.u,

where T}, means an in time hit in the first or second trigger plane respectively.
V means there was no hit in the veto. V3 means there was no hit in the central
subsection of the veto. FE.; implies that there is some energy deposited in the
electromagnetic calorimeter. F,y is an in time hit in the forward calorimeter.

The TyT,V triggers acquired during the neutrino gates passing any of the

following cuts below are recorded.
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[ ] T1 * T2 =1
e ECAL > 1 GeV
e (number of TRD planes with 1 hit) < 7

For this analysis, it was sufficient that trigger number 1 was satisfied.
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Chapter 4

Data Analysis

This chapter deals with the analysis of the candidate events for a coherent diffrac-
tive p signal. The data samples under investigation are described. The Monte Carlo
simulation algorithm and parameters are outlined. The search for the signal, includ-
ing the particle identification method and the cuts implemented are summarized.
A study of potential backgrounds to the signal is performed and a background es-
timate is given. The results of the investigation are shown. The fit done to the
t' -distribution is explained and other kinematic distributions are examined. The
cross-section of the coherent p signal is calculated. Comparisons between this anal-

ysis, theoretical predictions and previous analyses are made.

4.1 The Data Samples

Two data and three Monte Carlo samples were considered in this analysis.
e Data

— 8-module
The data taken in July 1995 with only 8 drift chamber modules. This

data sample contained 194,673 events.

— 11-module
The data taken in September 1995 with the full 11 drift chamber modules.

This data sample contained 214,848 events.

A total of 409,521 data events were considered in this analysis.
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The 11-module sample had more available target, hence for the same number
of protons on target, it would contain more events. However, the samples also
differ in that the 11-module sample had a drift chamber alignment of a higher

precision.
e Monte Carlo

— Coherent Diffractive p
10,000 coherent diffractive p events were simulated. Section 4.2.1 de-

scribes the method used to generate these events.

— A-Resonance Monte Carlo
Used for background studies. See Section 4.4.1 for a description of the

generation of these events. A sample of 1942 events were studied.

— Deep Inelastic Charged Current
A sample of 132,064 charged current deep inelastic scattering events.
Section 4.4.2 gives a description of the generation of these events. During
the data taking periods examined during this analysis, approximately

140,000 v, charged current events were expected.
e A combination of data and Monte Carlo

— A sample of candidate A*T events in the data were transformed into A*
for background studies. Section 4.4.1 gives the details of this procedure.

A total of 870 events were transformed in this manner.

All the data samples (8-module, 11-module, Monte Carlo and data-Monte Carlo
combinations) were reconstructed using the NOMAD reconstruction code version

recon63 [33].

4.2 The Monte Carlo Simulation of Coherent p

The Monte Carlo simulation of coherent diffractive events consisted of two

parts. Firstly, the event generator specifically written by the author for this analysis
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was used to generate events with kinematic distributions reflecting those expected
under the diffraction model described by Piketty and Stodolsky [1].

The second phase of the simulation dealt with detector effects. This part was
performed using the standard NOMAD simulation package, GENOM [34], based
on the CERN detector simulation package GEANT [35]. Section 4.2.2 gives a brief
description of GENOM.

4.2.1 The Event Generator Algorithm

NEGLIB [36] is a Monte Carlo simulation package designed specifically to
simulate deep inelastic scattering in NOMAD. The deep inelastic scattering event
generation in NEGLIB is done by LEPTO [37].

LEPTO incorporates the generation of the incident neutrino energy and ver-
tex position, chooses the target quark/nucleon according to the NOMAD specific
geometry and performs some analysis of the event at the generator level. It also
allows the selection of specific channels, for example only charged current events.
This event generator was used to create the Deep Inelastic Scattering (DIS) Monte
Carlo sample used for background studies.

A coherent diffractive p event generator was written by the author and placed
in the NEGLIB framework, replacing LEPTO as the event generator. The steps used

to generate these events are described below.
e The p mass (M,) was generated using the following procedure.

— Points in the M, f(M,) plane were generated uniformly within the limits

and

o< s < () (12)

where My = 0.770 GeV is the centroid and I' = 0.150 GeV 1s the width
of the distribution.
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— The p mass was accepted if the generated point lay below

1.0

f(MP) = (Mp _ M0)2 T (5)2

(4.3)

Figure 4.1 shows a plot of f(M,) vs M,. Random points in this plane are
shown. If any point falls below the function described in Equation 4.3
and drawn in Figure 4.1, then it is accepted and the p mass for this event

is given by M, at this point. If it falls above this line it is rejected.

~ 180

(M,

140 -

120 —

80 |-

60 —

40 -

Figure 4.1: Masses are accepted or rejected depending on where they fall on the M,
f(M,) plane.

— The resultant Breit-Wigner mass distribution is shown in Figure 4.2.

e The neutrino energy (F,) and interaction point was selected by the GBEAM [31]
package. Studies [32] have shown that GBEAM accurately represents the neu-

trino energy spectrum at NOMAD. Figure 3.11 shows the energy spectrum of
the neutrinos as predicted by GBEAM.

o The minimum centre of mass energy squared of the hadronic system, ST" =

(My + M,)?, was calculated. The nuclear mass My was set to be that of
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Figure 4.2: The generated p mass.
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carbon, since carbon is the main component of the target. Section 3.4 gives

more details on the target.

The Bjorken variables z and y were uniformly generated within their kinematic

limits. Section 2.2.1 gives a discussion of these limits.

The kinematic variables Q2?, W, v, tmin and tn,q., were calculated from E,, z

and y.

The t-independent part of the cross-section o was calculated using the given

kinematics and the final term in Equation 2.84.

The event was accepted or rejected using the following principles, known as
importance sampling. (This procedure was already used in generating M,

according to a Breit-Wigner distribution.)

— A 3-dimensional (Q?, v, o) space was conceptualized. Since this space
is 3-dimensional any equation relating these three variables will define a

surface in this space.
— Points in this volume were selected randomly and uniformly.

— If a given point in this kinematical space fell below the surface defined in

Equation 2.84 it was accepted.

— This process was repeated until an acceptable point, i.e. an event, was

found.

t was generated with an exponential distribution of slope b ~ A2/3 = 56.6 GeV 2,

where A is the atomic mass of the nucleus, via the equation:
1
- ‘Z x ln(R)‘ (4.4)

where R is a random number uniformly distributed from zero to one. Sec-

tion 2.4.4 explains the choice of this value of b.
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This leads to a cross-section such that

do —bt
et 4,

t was constrained to be within the kinematical bounds
tmin < t < tmaz- (4.6)

Section 2.2.1 gives an explanation of these bounds.

The momenta of all the particles involved in the interaction were calculated

from the relevant kinematic quantities.

The p was made to decay into two pions,
pt — 7l (4.7)

The 7° decay was modelled by the GENOM [34] package.

All momenta were rotated from the beam frame into the detector frame. They

were then expressed in format readable by GENOM.

The Monte Carlo was generated with all 11 drift chamber modules, whereas

the data was a combination of 8 and 11-module samples. In order to best simulate

the data each Monte Carlo event was given a weighting according to the z-position

of the primary vertex. Events with z-primary vertex less than 110 ¢m were weighted

by 0.47. Events could only occur in this region of the target during the 11-module

data taking period. All other events were given a weighting of 1.00, since modules

in this part of the detector were present for both 11-module and 8-module data

taking periods. See Figure 4.3 for the manifestation of this combination of two data

samples and histogram weighting.
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4.2.2 Detector Simulation

GENOM ([34] is based on the GEANT [35] package. It is used to simulate
the effect of the detector on the Monte Carlo data. This program tracked particles
through NOMAD simulating physics processes such as bremsstrahlung, Compton
scattering and energy loss. Detector specific conditions were also simulated here, for
example the NOMAD magnetic field map. This part of the simulation replicated
detector inefficiencies and finite resolution etc. It also converted energy deposition
and detector responses to measurable quantities such as ADC counts. GENOM gave
an output identical in format and as similar as possible in content to that given by
the real detector. This output was then reconstructed and analyzed in the same

way as the real data.

4.3 The Search for the Coherent p Signal.

In order to distinguish coherent diffractive p events from the much more
numerous background events a series of cuts and selections were made. The selection
process 1s based on the premise that coherent p events will consist of only a muon,

a charged pion and a neutral pion. The selection process is outlined below.

4.3.1 Preliminary Analysis Filter.

A low multiplicity filter was applied to all the data samples. This quickly
reduced the amount of data requiring further processing. It is summarized by the

following cuts:

1. The primary vertex! was required to be inside the sensitive volume.

— 140 < z < 140 cm (4.8)

!The primary vertex is ideally the interaction vertex. For the purpose of reconstruction this
was taken to be the most upstream vertex of the event, excluding the end vertices of particles
traveling backwards from the interaction vertex. Section 3.4.5 gives a more detailed description of
the vertex reconstruction algorithm.
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—140 <y <140 cm (4.9)
0 <z <400 cm (4.10)

This cut ensures events with an interaction vertex inside the magnet ends
and supports do not contaminate the data sample. Figure 4.3 shows
the distribution of the primary vertices within the boundaries described

above. A discussion of these plots is given below.

2. No more than six tracks were reconstructed.

Ntracks S 6 (4:11)

Six is the maximum number of tracks a clean coherent p event can have
(one muon track, one charged pion track and four electron tracks from

two gamma conversions).

3. At least two tracks were required.

Ntracks Z 2 (412)

Two is the minimum number of tracks a clean coherent p event can have

(one muon track and one charged pion track).

4. The sum of the charges on all tracks must be consistent with the hy-
pothesis that the event contains one muon, one charged pion and two

photons.

Figure 4.4 shows the track multiplicity of the coherent p Monte Carlo com-
pared to that for the deep inelastic scattering Monte Carlo sample, normalized to the
same number of events. Clearly, the coherent p sample has a much lower multiplicity.

As explained above, coherent p events should have no more than six tracks.
However, the Monte Carlo sample contains some events with higher than expected

multiplicity. Examination of the Monte Carlo at the particle level reveals that the
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Figure 4.3: The position of the primary vertex. The left hand column shows the
position of the vertex in the plane transverse to the beam direction. The right hand
column shows the position of the vertex in the direction of the neutrino beam. (See
text (Section 4.3.1) for a discussion of these plots.)
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majority of excess tracks are caused by the re-interaction of the charged pion in the
target. Other high multiplicity events are caused by poor track reconstruction i.e.
breaking one track into two track segments.

In plots throughout this chapter, the Monte Carlo histogram has been nor-

malized to have the same number of events as the data for each plot.

Comments on the Primary Vertex Distribution.

The vertex distribution effectively acts as an “X-ray” of the detector. In
the case of real data, as shown in Figure 4.3 (a), it is possible to see nine regions
of increased vertex activity. These regions correspond to the nine spacers used to
give mechanical rigidity to the drift chambers. These supports were included in the
simulation of the detector and can also be seen in Figures 4.3 (b) and 4.3 (c).

The shape of the z-vertex distributions for all data samples can be explained
in terms of the detector geometry and the event kinematics. To an extremely good
approximation, neutrinos have a uniform probability of interacting at any z in the
detector. For simplicity, consider a Deep Inelastic Scattering event with just two
resultant charged particles, such as any of those shown in Figure 4.5. If one of the
particles were to travel with zero angle in the forward direction, it would traverse
both trigger planes and the event would be recorded independent of the z-position
of the interaction vertex. However, if both particles were to have significant trans-
verse momenta, the probability of the event triggering would increase the closer
the interaction point was to the trigger plane. Correspondingly, the trigger effi-
ciency decreases as the distance between the primary vertex and the trigger planes
increases.

The same principles hold for coherent p interactions. However, these events
are high v, low @? events. Consequently, muons from coherent p events tend to
have a larger forward momentum than those from Deep Inelastic Scattering events.
Figure 4.6 shows a comparison of transverse muon momenta pr(p) for Deep Inelastic

Scattering and coherent p Monte Carlos. This figure illustrates the difference in
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the transverse momentum distribution of the muon between these two different
interaction mechanisms.

Figure 4.3 (d) shows the z-vertex distributions for data. Figure 4.3 (e) shows
the z-vertex distributions for coherent p Monte Carlo. Figure 4.3 (f) shows the
z-vertex distribution for Deep Inelastic Scattering Monte Carlo. Clearly the dis-
tribution for the coherent p Monte Carlo is flatter than that for the deep inelastic
scattering Monte Carlo. The data, dominated by deep inelastic scattering events,
mimics the Deep Inelastic Scattering events with fewer events at low z.

The step reduction in the number of events with z < 110 ¢m is a result of
the missing modules in the 8-module data sample. The Monte Carlo events were

weighted to imitate the effect of these missing modules.

//

(c)

T1 T2

Figure 4.5: Three identical 2-track events at different interaction vertices. Event (a)
would have zero hits in both T1 and T2, event (b) would have a hit in T1 but not
in T2, event (c) would have hits in both T1 and T2 and would be the only event to

trigger.

Comments on the Preliminary Analysis Filter.

Table 4.1 gives a summary of the acceptance of this filter for the different

data samples.
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Cut No. Coh MC DIS CC MC Data

This Cut ‘ Cumulative | This Cut ‘ Cumulative | This Cut ‘ Cumulative

94.2 % 94.2 % 96.7 % 96.7 % 79.4 % 79.4 %
93.9 % 88.5 % 54.8 % 53.0 % 41.7 % 33.1 %
85.9 % 76.0 % 94.0 % 49.8 % 89.1 % 29.5 %
95.7 % 2.7 % 85.1 % 42.4 % 80.0 % 23.6 %

> o N —

Table 4.1: The percentage of events remaining after the preliminary filter.
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After the first cut, both the Monte Carlo samples are reduced by very little
(5%) compared to the data (20%). The Monte Carlo sample was generated to have
an interaction vertex inside the fiducial volume and so the events cut here are only
those events that were falsely reconstructed outside this volume. The data, on
the other hand, contains events with interactions inside the magnet and forward
calorimeter. It is mostly these events which are eliminated by this cut.

The second cut eliminates high multiplicity events. As Figure 4.4 shows, the
DIS CC Monte Carlo has a lot of high multiplicity events. Consequently, this cut
reduces the remaining DIS CC Monte Carlo events by 45%. This is considerably
more than the coherent p Monte Carlo, which is reduced by only 6%. The data is
reduced by 58%. Although the data is made up predominantly from DIS events, it
also contains many events that are not real neutrino events at all, such as cosmic
rays that may traverse the detector at a small enough angle to meet the trigger
condition, but at an angle too large to hit the veto.

The third cut eliminates low multiplicity events. In this case slightly more
coherent p Monte Carlo events are eliminated (14%) than are DIS CC Monte Carlo
events (6%). This is understandable since coherent p events are low multiplicity
events to begin with and just one missed track may cause the event to be eliminated
by this cut. The reduction in data (11%) is larger than the reduction in the DIS CC
Monte Carlo. The DIS CC Monte Carlo did not simulate quasi-elastic like events
which usually have low multiplicity. Of course, the data contained such events. It
is likely that this difference can be attributed to the exclusion of quasi-elastic like
events in the DIS CC Monte Carlo.

The final cut in the filter is that the sum of the charges be consistent with a
coherent p event. Naturally enough, the coherent p Monte Carlo is reduced by very
little by this cut (4%) . Both the DIS CC Monte Carlo (15%) and the data (20%)
have similar reductions.

Overall, the filter has a higher efficiency at eliminating DIS events (58%) than

it does for coherent p events (27%). More importantly, however, the filter reduces
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undesirable events in the data (76%), such as those caused by interactions in the
magnet and forward calorimeter and those caused by other non-neutrino events such

as large angle cosmic rays that have not been vetoed.

4.3.2 Particle Identification

In order to identify coherent p events, it was firstly necessary to identify all
the constituent particles of such events.

In order to identify particles from information given by different subdetectors
a track extrapolater [38] was used. This track extrapolator took into account all the

relevant detector and physics processes, most importantly multiple scattering.

Muon Identification

In addition to the standard muon reconstruction, described in Section 3.10.3,

some further cuts are imposed on the muon candidate.

o In order to prevent particles being falsely identified as muons, the muon can-
didate was required to have momentum greater than 1.5 GeV/c. This is a
consequence of the iron wall before the muon chambers. Particles with mo-
menta less than 2 GeV/c are unlikely to penetrate the iron absorber (magnet

return yoke) and will not give a signal in the muon chambers.

e The muon candidate was required to match to the negatively charged track
coming from the primary vertex. This matching was done by extrapolating
the negative track from the primary vertex and seeing how close it was to
the track in the muon chambers. A loose cut requiring the extrapolated drift
chamber track to meet the one reconstructed by the muon chambers within
20 em was applied. Examination of the distance between reconstructed muon
tracks and extrapolated drift chamber tracks from Monte Carlo data samples

showed that the majority of tracks matched to within 20cm.
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e A muon should deposit energy in the E.M. calorimeter. The track identified in
the drift chambers as the muon was extrapolated to the front face of the E.M.
calorimeter. The position of the nearest E.M. calorimeter cluster (Section 3.8.5
describes how this position is found) was calculated. The distance between the
end of the extrapolated track and the centre of the nearest cluster is shown
in Figure 4.7. Muon candidates with this distance greater than 11.2 cm were
rejected. (11.2 em is the size of the E.M. calorimeter lead-glass blocks. More
detail on the lead-glass blocks is given in Section 3.8.1.)

e The muon candidate was required to deposit energy consistent with that of
a minimum ionising particle in the E.M. calorimeter. This cut was made
fairly loose, since the modeling of processes occurring in the calorimeter, see
Figure 4.8, did not represent the data at low energies. (This has been rectified

in a later version of the software).

0.250 < Egep(p) < 0.8 GeV (4.13)

Charged Pion Identification

Any positively charged particle coming from the primary vertex that does

not have a corresponding track in the muon chambers is taken to be a charged pion.

Photon Identification in the E.M. Calorimeter

If a photon reaches the E.M. calorimeter without converting it will initiate an
electromagnetic shower. Monte Carlo studies on photons from 7° decay have shown
there is a 64% chance that neither photon will convert before the preshower. Of
course, not all these photons will be within the angular acceptance of the preshower
and E.M. calorimeter. In order for an electromagnetic shower to be interpreted as

a photon it must pass the following cuts:
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e No charged track in the drift chambers can be extrapolated to within 20 em

of the position of a cluster. (Section 3.8.5 gives a definition of a cluster.)

e The shower must be narrow, ie the radial extent of the shower must be less

than 11 c¢m, see Figure 4.9. Hadronic showers tend to have a broader spatial

distribution.
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Figure 4.9: The radial width of v clusters.
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e It must be fully contained within the active area of the calorimeter, ie have a

centroid position (z,y) such that

—137.0 < z,y < 137.0 em. (4.14)

This cut ensures an accurate energy measurement (2-6 % depending on the

energy), i.e. it ensures no energy is lost out of the sides of the calorimeter.

o Its total energy must be more than 250 MeV. This cut ensures that any noise

is not mistaken for a photon cluster.

e The photon cluster may not contain a known noisy cell. Noisy cells were

particularly harmful to the search for 7% because they

— increase the background by causing “fake” photons to be found

— mask the real signal by causing true two-photon events to appear as

three-photon events and hence be discarded.

Noisy cells were dealt with by treating that cell as a dead region. For each
data sample, the dead region was of the order of 0.1% of the total area.

In order to make a more accurate measurement of the photon momenta than
can be provided by the E.M. Calorimeter alone, information from the preshower
is used. If a preshower cluster is found in front of the E.M. Calorimeter cluster it
is considered to be caused by the same particle that caused the E.M. Calorimeter
cluster. The cluster energy is then corrected for energy losses in the preshower.
The position of the preshower cluster is considered to be the point at which the
photon hit the preshower plane. This position and that of the primary vertex are
used to compute the angle at which the photon traveled. This angle, along with
the corrected cluster energy, is used to compute the momentum of the photon. If
no preshower cluster is found in the vicinity of the E.M. Calorimeter cluster, the

centroid of the E.M. Calorimeter cluster is used to determine the angle of the photon.
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Photon Identification in the Drift Chambers

+ in the drift

If the photon converts to an electron positron pair, vy — eTe™,
chambers, then its momentum can be measured from the curvature of the eTe™
tracks. Monte Carlo studies on photons from 7° decays have shown that there

_|_

is 20% of any photon converting to an ete™ pair before reaching the preshower.

_|_

In order for an eTe™ pair from photon conversion to be accepted as a photon the

following criteria must be met.

e Two oppositely charged tracks originating from a downstream non-primary

vertex must be found.

_|_

e The invariant mass of the tracks, interpreted as an eTe™ pair, must be less

than 55 MeV, see Figure 4.10.

The photon momentum is computed by summing the momenta of both elec-
trons at the beginning of their drift chamber tracks.

If one electron has a much greater momentum than the other, the one with
low momentum may not be detected. If the track was extrapolated back to the
same z-plane as the primary vertex and the extrapolated point lay within 1 e¢m
of the primary vertex then the track was considered to come from an asymmetric
photon conversion. However, this situation could also arise if the drift chamber
reconstruction code missed the second electron. Including these events would there-
fore increase the likelihood of mismeasuring the photon energy. Consequently, it was
decided not to include these events in the data sample. These events were infrequent
and so their exclusion did not decrease the efficiency significantly.

Using the two methods of identifying photons described above, the two pho-

tons from 7% decay can be identified in one of three ways, by finding:

o two E.M. Calorimeter clusters,

e one E.M. Calorimeter clusters and one ete™ pair

_|_

e two eTe” pairs
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The proportion of events falling into each of these three categories for each of the
coherent p and DIS Charged Current Monte Carlos and the data are shown later in
Table 4.3.

Neutral Pion Identification

The 7° (Mo = 135 MeV) decays 98.8% of the time to two photons (7% —
vy). In order to identify a 7° two photons need to be observed and accepted.
However, in order to identify 7° from coherent p production two and only two
photons need to be found, hence there is no combinatorial background. Once they
have been identified, it is possible to see if they have originated from 7° decay by
looking at their invariant mass. Figure 4.11 shows the invariant mass distribution for
photon pairs from the coherent Monte Carlo sample and from the data. Figure 4.11
(a) shows the distribution formed using events where both photons are identified
via an E.M. Calorimeter cluster. Figure 4.11 (b) shows the distribution formed
using events where one photon is identified via an E.M. Calorimeter cluster and the

other via the identification of an e™

e~ pair in the drift chambers. A clear peak at
the mass of the 7° can be seen for both samples. This plot allows us to constrain
90 < M,, < 180 MeV.

O — eTe ™y were not looked for. These constitute only 1.2%

Dalitz decays, =
of the total 7° signal which is minimal compared to the other inefficiencies of the

search.

p Identification

The pt (M, = 770 MeV') decays to two pions (p™ — 777°) = 99.9% of the
time. Figure 4.12 shows an enhancement at the 7°, p™ mass. After cutting to include
only those events containing 7°, a clear peak at the p invariant mass spectrum can
be seen. Figure 4.13 shows the invariant mass distribution before the cut on the v+
mass. Figure 4.14 shows the distribution after that cut. A clear peak is seen in the

second plot. The 7*t7° mass was constrained to be 550 < M, +,0 < 990 MeV .
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4.3.3 Coherent Selection & The Analysis Filter

An analysis filter was designed in order to separate coherent diffractive events

from the incoherent background. Since coherent events contain the particles p=n

+ 70

(the recoil nucleus is not seen) and no others, events with any other possible particle

were discarded from the sample.

The efficiency of this analysis filter is summarized in Table 4.2. This table is

a continuation of the table of efficiencies presented earlier in Table 4.1. Hence, the

first line in this table is the last line of Table 4.1.

Cut No. Coh MC DIS CC MC Data
This cut ‘ Cumulative | This cut ‘ Cumulative | This cut ‘ Cumulative

2.7 % 42.4 % 23.60 %
1 99.2 % 72.11 % 93.7 % 39.711 % 100.0 % 23.60 %
2 93.1 % 67.10 % 81.6 % 32.41 % 79.0 % 18.64 %
3 58.7 % 39.40 % 29.7 % 9.64 % 16.3 % 3.04 %
4 63.8 % 25.14 % 28.2 % 2.72 % 31.2 % 0.95 %
5 94.6 % 23.78 % 91.5 % 2.49 % 90.5 % 0.86 %
6 98.7 % 23.48 % 99.2 % 247 % 98.9 % 0.86 %
7 98.9 % 23.22 % 96.0 % 2.37 % 96.7 % 0.83 %
8 25.3 % 58T % 6.8 % 0.16 % 4.8 % 0.04 %
9 76.5 % 4.49 % 62.5 % 0.10 % 50.0 % 0.02 %
10 88.0 % 3.95 % 60.0 % 0.06 % 50.0 % 0.01 %

Table 4.2: The percentages of events remaining after analysis cuts (€).

The following criteria had to be met in order for an event to be considered a

coherent diffractive p candidate.

The event had to satisfy the trigger condition

where T 5 is true if there is at least one hit in trigger plane 1(2). This
cut was added for consistency between the data and the Monte Carlo. It

removes very few events from either the Coherent p Monte Carlo (< 1%)
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or the DIS CC Monte Carlo (< 7%) samples. Of course, no events are
removed from the data using this cut. If the data did not meet the trigger

condition it would never have been recorded.

2. The primary vertex position was further constrained to be

—130 < z,y < 130 em (4.16)

0<2<370 cm (4.17)

This cut ensures poorly contained events, such as those with particles
escaping into the magnet ends and supports do not contaminate the data
sample. It removes approximately 7% of the remaining coherent p Monte
Carlo events and approximately 20% of the DIS CC Monte Carlo and

data events.

3. The event must contain a muon candidate passing the cuts described in
Section 4.3.2. This cut reduces the coherent Monte Carlo sample to 59%
of its previous size. However, it also reduces the DIS CC Monte Carlo to
30% and the data 16% of what they previously were. The larger reduction
in the data compared to that in the DIS CC sample can be attributed to

the elimination of neutral current events from the data.

4. The event must contain charged tracks consistent with the correct event
topology. There must be two and only two oppositely charged tracks
coming from the primary vertex. Any other tracks must be consistent
with electron tracks coming from photon conversions as described in Sec-
tion 4.3.2. Any events where the charged pion underwent a secondary

interaction were discarded.

This cut rejects approximately 70% of both the DIS CC and data samples
as these samples typically have more than two tracks beginning at the
primary vertex. 36% of the coherent p sample is rejected. Coherent

diffractive events eliminated by this cut include events in which:
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— the charged pion re-interacts,

— track reconstruction inefficiencies split a track left by a single particle

into two or more track segments,

— the photon converts, but one of the electrons is missed.

. If the charged tracks are extrapolated to the front face of the E.M.
Calorimeter, i.e. they do not stop in the detector or exit the detector
from the sides, the event had to contribute some E.M. calorimeter activ-
ity within 20 ¢m of the extrapolated track.

Fewer than 10% of events from all data samples are cut by making this

requirement, but is necessary in order to provide a clean sample of events.

. All clusters had to be well contained within the E.M. calorimeter in both

x and y-directions,

— 137em < z,y < 137 cm. (4.18)

Fewer than 2% of events from all data samples are cut by making this

requirement.

. Any calorimeter cluster not associated to a charged track must meet the
criteria described in Section 4.3.2 for photon identification. This cut
is designed to eliminate events with neutral clusters caused by neutral

hadrons.

Fewer than 4% of events from all data samples are cut by making this

requirement.

. The number of neutral E.M. calorimeter clusters must be equal to that
expected from the event under the assumption that it is a coherent p
event, that is either two, one or zero clusters depending on the num-
ber of eTe™ pairs found. Events with any other combination of neutral

candidates were discarded.

This cut was extremely damaging to both the DIS CC events (only 7%
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survive) and the data (only 5% survive). This cut is so effective against
these samples because neither the DIS CC Monte Carlo or the data nec-

essarily contain just one 7° per event.

Unfortunately, the coherent p Monte Carlo was strongly effected by this
cut. The sample was reduced to 25% of its previous strength. The co-

herent diffractive events cut using this criteria were events in which:

— Both photons deposited energy in the same region of the E.M. calorime-

ter and appeared as one cluster.

— One or both photons deposited energy in the same region of the E.M.

calorimeter as a charged track.

— One or both photons left the detector without depositing energy in
the E.M. calorimeter.

— An electron from pair production underwent bremsstrahlung.

— The muon produced a delta-ray that went undetected in the drift

chambers.

The events that pass this cut fall into three one of three categories. The
proportion of events in each category is shown in Table 4.3. The invariant
mass distributions of the v+ pairs for the first two categories are shown
in Figures 4.11 (a) and (b). It is not sensible to show a similar plot for

_|_

events in which both photons are identified via an e™e™ pair, since there

are two few events in this category to make any conclusions about the

distribution.
Photon Type Coh MC DIS CC MC Data
Events ‘ Events ‘ Events ‘
Two Clusters 447 82.0 % 136 81.0 % 160 75.5 %
One Cluster, One pair 96 17.6 % 32 19.0 % 46 21.7 %
Two pairs 2 0.4 % 0 0.0 % 6 2.8 %

Table 4.3: The number of 7° candidates identified via E.M. Calorimeter clusters
and via tracks in the drift chambers.



92

9.

10.

Chapter 4. Data Analysis

The invariant mass of the photon photon pair had to fall within the =°

mass limits as described in Section 4.3.2.

If the effect of this cut on the coherent p sample (76% survive) is con-
trasted with the effect it has on the DIS CC Monte Carlo (63% survive)
and the data (50% survive) it is clear that this requirement causes a
significant reduction in the background. The difference in the reduction
factors between the DIS CC Monte Carlo and the data may seem sig-
nificant, but by this stage there are very few events left in the sample
and the uncertainties are large. Again, the invariant mass of the photon
photon pair from non-coherent events may differ from what is expected

for a w0 if the photons come from different 7% within the same event.

The invariant mass of the m7 pair had to fall within the limit of the p

mass as described in Section 4.3.2.

Again, if the effect of this cut on the coherent p sample (88% survive)
is contrasted with the effect it has on the DIS CC Monte Carlo (60%
survive) and the data (50% survive) it is clear that this requirement
causes a significant reduction in the background. Again the statistics are

low and the uncertainties are large.

Comments on the Analysis Filter.

The most damaging cuts to the DIS CC and data samples are those that

require that the event topology be that of a coherent diffractive p event (cuts no. 3,

4 and 8) and those that require the presence of a 7° and a p (cuts no. 9 and 10).

After application of all the cuts described above, the overall efficiencies for

reconstructing coherent diffractive p Monte Carlo is 3.9%. This value is extremely

low, but it is necessary to cut this severely in order to reduce the significant con-

tribution from Deep Inelastic Scattering events (reduced to 0.06% of the original

amount). This leads to a DIS CC Monte Carlo reduction factor 66 times greater

than the coherent p reduction factor.
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4.4 Backgrounds

In the search for coherent diffractive p events two main backgrounds are
envisaged, the background from A-Resonance production and the background from
Deep Inelastic Scattering events. In the following sections 4.4.1 and 4.4.2 the

possible contribution from these two sources are examined.

4.4.1 Background From A-Resonance Production

A potentially significant source of background to the coherent p search is

from quasi-elastic resonance production of deltas and their subsequent decay.
vn — u~ AT, AT - pTr° (4.19)

If the decay proton from is taken to be a charged pion and if the invariant mass of
the “r+” 7% pair falls within the range of the p mass, then this event could pass the

cuts to isolate coherent diffractive p events.

The Expected Number of A's.

The fiducial volume of NOMAD used in this analysis is 2.6 x 2.6 x 3.7m?
corresponding to a fiducial mass of 2.5 x 103kg. The number of protons and neutrons

in NOMAD is calculated [40] to be:
Nprot = 7.9 x 10%° (4.20)

and

Npewr = 7.2 X 10% (4.21)

in the full 11 modules.

The cross-section for vn — p~pm° is to a good approximation energy inde-



94 Chapter 4. Data Analysis

pendent over the energy range in question [41], [42] and has the value
o(vyn — u pr°) = 0.35 x 107% em? (4.22)

The integral over the neutrino flux can be estimated from the neutrino beam
Monte Carlo. This calculation is discussed in more detail in Section 4.5.2. The num-

ber of neutrinos used in calculations of expected event rates is shown in Table 4.4.

‘ Data Sample ‘ Jo(E)E ‘ Npeut

8-module 3.10 x 10'® | 5.2 x 10%°
11-module 2.25 x 10 | 7.2 x 10%°

Table 4.4: A summary of the parameters used to calculate the expected number of

AT particles in NOMAD.

The number of expected interactions can be calculated from the relation

d_N_nUA
N A

dz (4.23)

where N is the expected number of interactions, n is the number density of target
particles, Adz is an infinitesimal volume of target with area A perpendicular to
the beam and o is the cross-section. Neutrinos interact so rarely that to a very
good approximation it can be assumed that the neutrino flux does not decrease as
the beam passes through the target. Integrating Equation 4.23 and making the
approximation described above we can deduce the number of vn — p~pr° events

expected in NOMAD (assuming 100% efficiency) to be

Nneu
N(vyn — p"pr°) = %/(ﬁ(E)dE
= 1670 (4.24)

where N,..: 1s the number of neutrons in the detector, ¢ is the neutrino flux at
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NOMAD, A is the cross-sectional area of NOMAD and o is the cross-section for this
interaction.

Two methods were used to understand how many of these 1670 such events
would fake coherent p and contaminate the signal. The first method was a direct
simulation of resonance production. The second method involved using an easily

identifiable resonance (A1) and transforming it to the more elusive A™.

A-Resonance Simulation.

The first method used was a Monte Carlo simulation of resonance production
by neutrinos, based on the cross section calculation by Rein & Sehgal [43].

A sample of 1942 events underwent the same analysis and cuts as that of the
coherent Monte Carlo, the Deep Inelastic Scattering Monte Carlo and the data.

The most effective cut against these quasi-elastic like resonances is the re-
quirement that both the photons from the 7° decay were identified. Table 4.3 shows
that the majority of photons are identified via a photon-like E.M. Calorimeter clus-
ter. In order for the 7° from the A decay to be found, at least one photon must
reach the E.M. calorimeter and deposit energy above threshold. Even if one pho-
ton converts in the drift chamber as happens ~ 20% of the time, the other photon
must still reach the front face of the E.M. Calorimeter in order for the 7° to be
identified. The 7% from A-resonance decays are of much lower energy than are 7%
from coherent diffractive p, see Figure 4.15. Consequently, the photons from A-
resonance interactions are widely spread in angle compared to those from coherent
p production and many more of them exit through the side of the detector instead
of depositing energy in the E.M. calorimeter.

As a result of this low energy distribution, the acceptance for finding 7° from
AT is very low. Of the 1942 Monte Carlo events studied, 0 events passed the required

cuts. Under Poisson statistics, this translates as a limit of

Npe < 2.3 (4.25)
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Search For ATT in the Data.

In order to find a method of studying the quasi-elastic resonant background
that is independent of detector efficiencies and acceptances and has a greater sta-
tistical significance than the method described above, a second method of analysis
was devised.

The interaction

vpt — um ATH AT S pTr (4.26)

5
is much easier to identify than the A" interaction described by Equation 4.19 due
to the relative ease of finding charged tracks compared to the difficulty of finding
neutral particles. Since the kinematics of both these interactions are for our purposes
identical, a knowledge of the amount of A™* in the data will allow a good estimate
of the amount of A™.

Naively, one might expect the production rate of A* to be twice the produc-
tion rate of AT, since at the quark level we have the same process and there are
twice as many down quarks in neutrons as in protons. Isospin invariance then tells
us that while the A™* decays 100% of the time to pr*, the At decays only 2/3 of
the time to pm®. This would lead us to conclude that the rates for interaction 4.19
and interaction 4.26 would be in the ratio of 4:3.

A more sophisticated estimation of the cross-section ratios for the two in-
teractions can be gained from current algebra. This leads us to conclude that A*+
particles (I = %, I3 = %) are produced three times more frequently than A™ particles
(I = %, I3 = %) This results in a ratio of 9:2 for interaction 4.26 to interaction 4.19.

Experimental results give a third answer for the ratio of the production rates.

The cross-sections for these two interactions at energies above 2 GeV are [41]:
o(vp — u~ ATT) = 0.70 x 1072 em?, (4.27)

o(vn — p~ AT) = 0.35 x 10738 cm?, (4.28)
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(no uncertainties are quoted). So, from experimental production rates, we expect
twice as many ATT events as AT events.
For the purpose of this analysis, the experimental ratio is used.

The search for AT™* candidates was made using the following algorithm.

e Events with one muon and two additional positive tracks coming from the

primary vertex were considered as candidates.

o Events with other activity indicating the presence of other particles were not
considered as candidates, i.e. no events with neutral E.M. calorimeter clusters

or secondary vertices were accepted.

e The two positive tracks were used to make the A'* invariant mass. Both
combinations were formed. In the first combination, the first tracks was as-
sumed to be the proton and the second the pion. In the second combination,
the first tracks was assumed to be the pion and the second was assumed to be
the proton. The combination with the calculated A mass closest to the true
A mass was used. In this way, the best assignment of the p*n* tracks was
made. Figure 4.16 shows the invariant mass distribution of these tracks after
the assignment of the tracks. Only events with 1.00 < Ma < 1.70 GeV were

passed. This gives a total of 870 events.

o A 7° was formed from the 3-momentum of the #*. In order to do this, the
charge of the particle was set to zero, the mass to Mo and the 3-momentum

to that of the reconstructed 7 +.

e This artificial 7° was made to decay isotropically to two photons. As a first
approximation, the momenta of the photons are not “smeared” by detector

effects.

e These photons were extrapolated from the primary vertex to the z-plane of
the E.M. calorimeter. Figure 4.17 shows the spatial distribution of photon

pairs at the front face of the E.M. calorimeter from A-resonance production.
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It can be seen that a large percentage of photons miss the E.M. calorimeter
altogether. Thus, the hypothesis that quasi-elastic like resonances have a very

poor angular acceptance is confirmed by this independent method of analysis.

o If both photons were within the angular acceptance of the E.M. calorimeter,
the 7% and p invariant masses were formed, see Figure 4.18. For the p, the
proton was deliberately taken to be a charged pion and the charged pion to

be a neutral one.

e The events falling within 550 < M, < 990 MeV were accepted as a contribu-

tion to the background.
e The t' -distribution of the remaining events was plotted in Figure 4.19.

Given the low statistics available, it is difficult to tell the exact shape of the
t' background distribution from this plot. If we consider that momentum smearing
would drag low ¢’ events higher, the distribution shown in Figure 4.19 is a pessimistic
one. Furthermore, Figure 4.19 contains twice as many events as we actually expect
(the ratio of A** to AT is two). Using this method of analysis, we expect only 2
events in the region below #' < 0.1 GeV?2. The very lack of events in the low ¢’ region
clearly indicates that the signal shown later in Figure 4.20 is not due exclusively to

A-Resonance production.

4.4.2 The Deep Inelastic Background

Another possible source of background comes from low multiplicity charged
current deep inelastic scattering. In order to study the effect of this background
on the signal, another Monte Carlo simulation was performed. This simulation was
based on the LUND Monte Carlo for deep inelastic scattering, LEPTO [37].

A search was made in the simulated deep inelastic scattering events for co-
herent diffractive like events, ie events containing u, 7+ and 7°. The algorithm used

in this search is identical to that used in the search for coherent diffractive p and



101

4.4. Backgrounds

Y(cm)

400

200 —

—200

—400

Figure 4.17: The xy-spatial distribution of photons at the front face of the E.M.
calorimeter. The region enclosed by the box —137 < z,y < 137 c¢m represents the

acceptance of the calorimeter.
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has been described in extensively throughout Section 4.3. The resultant efficiency
for reconstructing these events as coherent p events is very low, of the order of 0.1%,
see Table 4.2. However, given the large sample size, a significant number of events
satisfy the criteria described above. 30 events pass all cuts and have ¢’ < 1.0 GeV?2.

An investigation was made into the types of charged current DIS events
which could mimic coherent p. It was found that a significant proportion were
events containing a p, but with a neutron that went undetected. Some information
on all low multiplicity charged current events passing all the cuts and having ¢’ less

than 0.1 GeV'? are tabulated in Appendix C.

4.4.3 Conclusions on the Background to the Search for Coherent p

As the above studies using both the direct simulation of A-resonance produc-
tion and the transformation of the A™* to A* have shown, the background from A
production is very small (< 2.5 events). The background from Deep Inelastic Scat-
tering Charged Current however is not negligible. Consequently, further calculations
will use the approximation that the only background to the search for coherent p is

Deep Inelastic Scattering Charged Current events.

4.5 Results

4.5.1 Kinematic distributions.

In order to give further weight to the hypothesis that the events we have
isolated using the analysis cuts described in Section 4.3.3 are coherent p events we
can compare some kinematic distributions from our signal candidates to that we

expect from the Monte Carlo events.

The ¢’ -distribution.

One of the main features of coherent diffractive meson production is the

characteristically steep exponential dependence on ¢’ , as described in Section 2.1.1.



4.5. Results 105

The t' -distribution for the coherent Monte Carlo is compared to that of the data
in Figure 4.20. These plots are made on a log scale to illustrate more clearly the
exponential nature of the observed slope.

MINUIT [44] was used to calculate an exponential fit to the coherent p Monte
Carlo ¢’ -distributions such that

N = PPl (4.29)

The fit was performed over the region 0 — 0.1 GeV?, since the coherent diffractive
Monte Carlo indicates there are very few events with ¢’ > 0.1 GeV?2.
The important parameter to consider is the slope parameter P, = b. For the

coherent Monte Carlo this parameter is
b=42+3 GeV ™2 (4.30)

It should be noted that the distribution has been somewhat broadened from the gen-
erated slope of b = 56.6 GeV =2 by the finite resolution of NOMAD. The few events
present in the tail of the distribution (¢’ > 0.1 GeV?) are due to mis-measurement
of the particle momenta.

A similar fit was performed on the data. The fit results for this distribution
correspond within uncertainties with that predicted by the Monte Carlo for coherent
diffractive p and clearly indicate an enhanced signal at low ¢’ . There is a noticable
excess of events in the data at ¢ ~ 0.1 GeV?2 1t is likely that this excess is a

statistical fluctuation. The slope parameter is
b=284+9 GeV 2, (4.31)

The
Figure 4.21 shows an enlargement of Figure 4.20 at low ¢’ for the data. The
curves of 10 are drawn along with the best fit to the slope. The uncertainty on the

slope seems very large, it is of the order of 35%. However, when the maximum and
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Figure 4.20: The t' -distribution of the coherent p Monte Carlo and the data.
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minimum slopes are plotted on top of the data they reasonably represent the region
in question. This uncertainty is due to the poor statistics of the distribution. The
t' -distribution for the data and coherent Monte Carlo should be contrasted with
that for the Deep Inelastic Scattering Monte Carlo, Figure 4.22. Although there
are more events at low ¢’ than at higher ¢’ | these events do not exhibit the sharp
exponential distribution that is typical of coherent p events. An attempt to fit this
distribution with an exponential fuction was made. If the fit is made over the region
t' < 0.2 GeV? a slope of (9 4+ 3) GeV 2 is obtained. However, the fit result varied
significantly with the way the distribution was binned and with the range over which
the fit was made, clearly indicating that this distribution is not well described by
an exponential.

A study of these low ¢’ Deep Inelastic Scattering Charged Current Monte
Carlo events was made. These events are all events with a high ¢’ that have been
mismeasured. Appendix C lists what type of events were mismeasured to give low ¢’ .

Many events are of the type v,n — u~ p™n where the neutron went undetected.

Other Kinematic Distributions

Plots of the neutrino energy (E, ), the energy transfer (v), to four momentum
transfer from the leptonic system (Q?), the hadronic invariant mass (W?), and the
Bjorken variables (z and y) for both the coherent Monte Carlo and the signal for
those events having ¢’ less than 0.1 GeV? are shown in Figure 4.23. As can be seen
from Figure 4.23 the distributions from the data are similar in shape to that of the
coherent Monte Carlo, providing some confidence that the data consists mainly of

coherent diffractive p.

4.5.2 The Integrated Cross-Section.

Cross-sections can be calculated from the following relation.
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where Nr is the number of target nuclei, A is the cross-sectional area of NOMAD,
€ 1s the efficiency including the acceptance, o the cross-section and ¢ the neutrino
flux at the detector. Of course, the cross-section can only be calculated under the

assumption that a signal has been observed.

The Number of Signal Events.

The following section outlines two methods of estimating the background and
so of calculating the signal.

Examination of the ¢’ -distribution for the coherent p Monte Carlo reveals
that nearly all events have t' less than 0.1 GeV?2. Under the assumption that the
Monte Carlo describes the coherent diffractive process well, the number of observed
coherent diffractive events in the data can be estimated by counting the number of
events with #' less than 0.1 GeV?2. However, the problem of how to estimate the
contribution of the background to this region remains.

Two approaches to estimating this background were made. The first approach
is to estimate the background from the tail of the data i.e. from the data in the
region t' > 0.1 GeV?2. The second approach is to use the information from the Deep

Inelastic Scattering CC Monte Carlo as an estimate of the background.

1. Using the Tail of the Data as an Estimate of the Background
Under the first approach, we can use a constant fit to the region ¢/ >
0.2 GeV? to give us an estimate the background in this region. The
lower limit on the range used to make this fit was chosen so as to be
well clear of the exponential part of the signal, as determined by the
coherent diffractive p Monte Carlo. The upper limit on the range was
chosen somewhat arbitrarily to be 1.0 GeV?2. The effect of the choice of
range on the fit result is shown in Table 4.5.

A log-likelihood fit was used to fit the data instead of the more usual

x? method. The x? method does not work well for distributions with low

event statistics per bin. As can be seen from the way the fit result changes
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| Range GeV? | Fit Result (events/0.02 GeV?) |

0.2—-0.5 0.73 £0.22
0.2 —-1.0 0.43 +0.10
0.2 - 2.0 0.20 £0.05

Table 4.5: The effect of the chosen range on the fit to the tail of the ¢’ -distribution
for the data.

with the chosen fit range, the ¢’ -distribution greater than 0.2 GeV? is not
well described by a constant term. However, given the available statistics,

it would be difficult to fit with more parameters.

Using the result of the fit over the range 0.2 < ¢/ < 1.0 GeV?,
the estimated background to the ¢’ -distribution in the five bins below
0.1 GeV? is:

Npge = 2.2 4+ 0.5 (stat). (4.33)

However, the dominant uncertainty is the systematic term. This is esti-
mated from the difference in the results fitting over the different ranges.
If the mean value is assumed to be 0.43 events/0.02 GeV'? then this leads

to a systematic uncertainty of 13 events.

Using Figure 4.21 one can see that the number of observed events with
t' less than 0.1 GeV? is 22. Following the method given in the Particle
Data Book [12] and using the above result for the number of background

events, the coherent signal is estimated to be:

Ngyr = 20 + 4. (4.34)

(quoting the one sigma standard error). This method is valid under the
assumption that the uncertainty on the number of background events is
negligible, which is not strictly true in this case. However, there is no
generally acceptable method for the case of a non-negligible uncertainty

on the background. In this instance the uncertainty on the background



4.5. Results 113

number of events is small compared with the statistical uncertainty on

the number of observed events, 22 + /22.

2. Using the DIS CC Monte Carlo as an Estimate of the Back-
ground
The second approach assumes that the only significant background to
the signal is the contribution from Deep Inelastic Scattering Charged
Current events, as described in Section 4.4.2. In this approach, the tail
(0.2 <t < 1.0 GeV'?) of the DIS CC Monte Carlo is normalized to the
tail of the data. Again the tail is fitted using a log-likelihood method. The
fit to the tail of the DIS CC Monte Carlo is (0.5040.11) events/0.02 GeV?,

making the scaling ratio equal to

(0.43 £ 0.10)/(0.50 £ 0.11) = (0.85 + 0.28). (4.35)

The distribution is then scaled according to this normalization factor and
subtracted from the data. The remaining distribution is assumed to be

the contribution from coherent diffractive p and is shown in Figure 4.24.

As can be seen from Figure 4.24 very few events remain after back-
ground subtraction. In fact, in the region ¢’ < 0.1 GeV? there are —3
events. If the maximum and minimum signals after background subtrac-

tion are used to estimate the uncertainty, the signal is estimated to be
Ngyr = -3 £ 10. (4.36)
If this method were the one adopted for background estimation, the co-

herent diffractive p signal is consistent with zero.

The estimated number of signal events under the two methods of back-
ground estimation described above are summarized in Table 4.6. Given the results

described above, it is not possible to say conclusively that a coherent p signal has
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‘ Method ‘ Nogs ‘ Estimated Background ‘ Signal ‘

1 22 2.2+05713 20 + 4
2 22 25 +9 —3+£10

Table 4.6: The number of coherent events found in the data under the two methods
of approach for the estimation of the background.

been seen. Nevertheless, the cross-section for this process will be calculated from
the results obtained by both methods of background estimation. The advantages

and disadvantages of this procedure are discussed further in Section 4.6.1.

The Number of Target Nuclei

The fiducial volume used for this analysis was 2.6 x 2.6 x 3.7m?> corresponding
to a mass of 2.5 x 10%kg. (For a full description of the NOMAD target, see Sec-
tion 3.4.) The NOMAD target consists predominantly of carbon (64% by weight),
oxygen (22% by weight) and nitrogen (6% by weight). The contribution from each
of these elements to the coherent signal cannot be separated. Consequently, nitro-
gen and oxygen are treated as “carbon-like” nuclei for the purpose of this analysis.
NOMAD also contains 5% hydrogen, but the contribution made by hydrogen to the
coherent signal is negligible, since it should not lead to a peak at ¢’ < 0.1 GeV?2.

Using the information above we find for the full 11-module NOMAD target
there is a total of 1.08 x 10?° carbon-like nuclei. In the 8-module data set there is a

total of 0.78 x 10%° carbon-like nuclei.

‘ Data Sample ‘ Ny

8-module 7.84 x 10%8
11-module 10.78 x 10?8

Table 4.7: The number of target nuclei.
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Efficiency and Acceptance

One can define the acceptance to be the number of events remaining in the
signal after the effects of a non-ideal detector, eg losses of particles from the sides
of the detector, losses due to the track reconstruction algorithm etc. In a perfect
detector the acceptance would be 100%. One can define the efficiency to be due
to the cuts and constraints individual to the analysis and a result of trying to
distinguish the signal from the background. However, it is often difficult to separate
one from the other. For the purpose of this analysis, the acceptance and efficiency
will be combined into a single number e.

An investigation was made into the energy dependence of €. This investiga-
tion showed the efficiencies and acceptances seemed to be roughly independent of
energy and can so be taken outside of the integral.

The inefficiencies for the reconstruction of Coherent p Monte Carlo are de-
scribed in Sections 4.3.2 and 4.3.3 and tabulated in Table 4.2. Other analyses
[20], [19] have shown the Monte Carlo process is accurate as a means of simulating
the real processes that occur in NOMAD. Hence the acceptance/efficiency (€) can

be determined from the Monte Carlo.

e=(3.9+02)% (4.37)

The Neutrino Flux

The integrated neutrino flux ([ ¢dE) at NOMAD is dependent on a number

of parameters. These parameters are outlined below.

¢ The Number of Protons on Target (p.o.t.)
The performance of the CERN SPS during 1995 is summarized in Table 3.3.
The data for this analysis came from a total of 6.38 x 10'8p.o.t. [45]. More

details on the neutrino beam can be found in Section 3.12.

¢ The NOMAD off-time.
NOMAD oft-time is considered to be the time when NOMAD is not taking data
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because it is switched off. This usually occurs when some upgrade or repair
work is scheduled that can not be completed during time when the beam itself
is switched off. For the data collecting periods described in Section 4.1 the

average on-time was 76% [45].

¢ The NOMAD dead-time
NOMAD dead time is the time where the detector is running, but is not

actually taking data because:

— The event is vetoed because it coincides with a low angle cosmic ray,
a spurious beam muon or a muon from any of the upstream material

including the CHORUS experiment.

— A second event occurs closely after a first one and the detector is still
reading/processing the data from the first event and is unable to process

the second.

For the data taking periods used in this analysis, the NOMAD live time is
96% [20].

‘ Data Sample ‘ Jo(E)E ‘ After live time considerations

8-module 4.25 x 10 3.10 x 10'®
11-module | 3.09 x 10 2.25 x 106

Table 4.8: The number of neutrinos at NOMAD and the number of neutrinos after
live time/off time considerations for a fiducial area of 2.6 x 2.6m?.

e The Beam Divergence.
Since NOMAD is placed 400m from the end of the decay tunnel (the WANF
neutrino beam is described in Section 3.12) the beam divergence over the

400 c¢m length of the NOMAD target is insignificant.

e The Beam Angle.
As described in Section 3.12, the neutrino beam intercepts NOMAD at a slight
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angle to the horizontal. While this angle is important to the calculation of the
transverse momentum, the amount of detector traversed by a neutrino is in-
creased by less than 4mm compared to that which would have been traversed if
the beam were horizontal. This difference is less than 0.1% and an insignificant

correction to the cross-section calculation.

The neutrino flux can be calculated from the beam Monte Carlo [31] which considers
all the significant factors mentioned above. The v, flux as a function of energy can

be seen in Figure 3.11.

The Resultant Cross-Section

Combining all the above information and inverting Equation 4.32 and under
the first approach described above, we find the resultant cross-section for coherent

diffractive p production to be

oror Ngyr A
(Nt [ ¢(E)dE)
B 20 x (260)?
~0.039 x [(7.84 x 1028 x 3.10 x 106) + (10.78 x 1028 x 2.25 x 1016)]
= 71 x107* cm? (4.38)

Under the second approach the resultant cross-section for coherent diffractive

p is calculated to be zero (since a negative cross-section is un-physical).

Uncertainty

The largest contribution to the uncertainty on the cross-section is the uncer-
tainty on the number of observed coherent events. All other potential sources of
error are insignificant in comparison. This approximation can be used to simplify

the calculation of the uncertainty on the cross-section.

bo _ dNgvr _ 4 (4.39)
g NEVT 20 '
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Under the first approach and using the information from Table 4.6 the cross-

section is therefore calculated to be
(71 +£14) x 107%0 ¢m? (4.40)

Under the second approach and the same approximations as for the first

approach, the cross-section is
(0 4 32) x 107*° cm? (4.41)

which is consistent with zero (again it is noted that negative cross-sections are un-

physical).

4.6 Discussion

4.6.1 Comparison of Background Estimation Methods

Two possible methods of estimating the background to the coherent diffrac-
tive p signal have been described in Section 4.5.2. The limitations and advantages
of each method are discussed below.

Under the the first approach a non-zero cross-section has been measured and
a fit to the ¢’ -distribution has been performed. The slope of this ¢’ -distribution is
b=(284+9) GeV~? and is consistent with that predicted by the coherent diffractive
Monte Carlo.

The results obtained under this approach are limited by the lack of available
statistics. The tail of the distribution is used to estimate the number of back-
ground events in the signal region. However, the tail of the distribution (0.2 < ¢/ <
1.0 GeV?) contains only 16 events. A constant has been used to fit this tail. The
poor statistics in this region limit the accuracy of this fit. This method is limited
because it relies heavily on the assumption that the background to the signal is flat

and so the result is dominated by the systematic uncertainty.
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Under the second approach, the coherent diffractive p signal is consistent
with zero. Again, this method is limited by poor statistics. In the region 0.2 < t' <
1.0 GeV? of the Deep Inelastic Scattering Charged Current Monte Carlo there are
only 29.5 events. The tail of this distribution is used to normalize it to the data.
It has been assumed in this work that the tail of the distribution is flat. However,
this assumption was made because the poor statistics limited the fit to one of few
parameters. Given many more events, it would be possible to better normalize this
this distribution.

It is not only the tail of the Deep Inelastic Scattering Monte Carlo that suffers
from a lack of statisitcs. The region ¢’ < 0.1 GeV? also has a limited number of
events and peaks weakly near zero. Since it is this part of the distribution that is
being subtracted from the data to leave a signal, it is important that this region is
an accurate representation of the data. Since the data is also contains only a limited
number of events, a small statistical fluctuation here can have a significant effect on
the size and shape of the signal. This effect is clearly illustrated by the excess of
events at around ¢ = 0.09 GeV?2.

The second approach is good in that it does not make any a priori assumptions
about the shape of the background to the coherent signal, but it relies on assumption
that the Deep Inelastic Charged Current Monte Carlo accurately represents the data
in the kind of events that can fake coherent diffractive p. As the name implies, the
Deep Inelastic Scattering Monte Carlo has been designed to model the Deep Inelastic
Scattering process, but has not been tuned at kinematical extremes similar to those
present in coherent diffractive p scattering. This method is limited by the accuracy

of this Monte Carlo in this kinematic region.

4.6.2 Comparison With Theoretical Predictions, Assuming a Signal.

In the following sections it is only the signal calculated using the first ap-
proach that is compared to the theoretical predictions and to previous measure-

ments. The result using the second approach is not invalid, but not much can be
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learnt from making this comparison.

Section 2.4.4 describes the theoretical prediction for the value of the cross-
section. For carbon-like nuclei at the neutrino energies at NOMAD, theory predicts
a cross-section of (40 — 70) x 107*° ¢m?, depending on the exact form of the model
used. The cross-section measured using NOMAD agrees within the calculated un-
certainty limits with that predicted by theory. Even the lower limit of the prediction
still lies within two standard deviations of the measurement.

Given the uncertainty on the cross-section result, it is impossible to make
any distinction between the different theoretical models. However, with an increase
in the number of neutrino interactions measured by NOMAD a greater statistical

certainty should be achievable.

4.6.3 Comparison With Previous Measurements.
E546

Using a 47% molar neon target, the E546 [8] experiment observed 11 events
with an estimated background of 1.5 + 1. This group measured the cross-section
per neon nucleus to be (0.28 + 0.10)% of the total charged current neutrino cross-
section at the FNAL Quadrapole Triplet Beam. This corresponds to a coherent

cross-section of (280 + 100) x 107*° ¢m?/ neon nucleus.

WAS59

The WAS9 [48], [49] experiment used a 75% neon 25% hydrogen target and
an anti-neutrino beam to observe 40 events with || < 0.10 GeV? with a complete 7°
reconstruction with an estimated background of 7 4+ 4 events. This group measured
the cross-section to be (95 & 25) x 107*° ¢m?/ neon nucleus or (0.58 + .15)% of

the total charged current cross-section for anti-neutrinos at energies given by the

neutrino beam from the CERN SPS.
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E632

The E632 [50] experiment used a neon-hydrogen target (75% molar neon
1985, 63% molar neon 1987-1988) and the FNAL Quadrapole Triplet Beam (v) to
measure a signal of 19 events with an estimated background of 7 events. This group

measured the cross-section to be (210 4+ 80) x 107*° ¢m?/ neon nucleus.

NOMAD

Using 1995 data alone, NOMAD has observed 22 events with ' < 0.10 GeV?
with a complete 7° reconstruction with an estimated background of 24 0.5 (stat) +
1.5 (syst) events. The coherent signal is therefore estimated to be 20 + 4 events.

The cross-section was measured to be (71 +14) x 107*° ¢m?/ carbon nucleus.

4.6.4 Discussion

Table 4.9 shows results from NOMAD along with those from previous exper-

iments described above.

Experiment | E,(GeV) | Target | No. Observed | Coherent | o(107*°cm?)

Events Signal
E546 80 Ne 12 9.5+3 (280 +100) per Ne nucl
WAS59 25 Ne 40 337 (95 + 25) per Ne nucl
E632 80 Ne 26 1947 (210 + 80) per Ne nucl
NOMAD 24 C 22 204 (71 £+ 14) per C-like nucl

Table 4.9: A comparison between this result and previous cross-section measure-
ments.

It should be stressed that NOMAD is using predominantly carbon as a target,
whereas previous experiments used neon. Section 2.4.5 gives a description of how
the choice of target nuclei alters the predicted cross-section. For carbon nuclei,
the cross-section is predicted to be around 40% lower than that predicted for neon
nuclei. If the cross-section result from the WA59 experiment (since this experiment

was performed at the same beam energy as NOMAD) which used neon as a target,
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is scaled to reflect this reduction it would be 38 x 107*°cm?. Hence under the
most optimistic approach presented in this analysis, o = (71 4 14) x 10~*°cm?, the
NOMAD result is in agreement with the WA59 result within the stated uncertainties.

Given the rather large uncertainties of all results, no further distinction can be made.
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Conclusion

The diffractive model combines the hadron dominance model of interactions with
that of the conservation of vector current. The model has not been contradicted by
various tests made by experiments using bubble chambers filled with neon. However,
thorough tests on other nuclei have yet to be performed.

Using data from 1995 taken from NOMAD exposed to the CERN SPS v,
beam, a study of the coherent diffractive production of p mesons was made. 22
events with ¢ < 0.1 GeV? were observed. Under an optimistic method of back-
ground estimation, the signal was estimated to be 20 + 4 events and to have a
slope of b = (28 £ 9) GeV 2. This corresponds to a measured cross-section of
(71 £ 14) x 10~*°¢m? which consistent with previous experiments and current theo-
retical predictions within the uncertainty of the measurement. The distributions of
the kinematic variables are in agreement with the theoretical predictions from CVC
and VMD models.

However it has been shown that in 1995 alone NOMAD has not been able to
measure coherent diffractive p to levels comparable to earlier experiments. As more
data is taken and processed it is hoped that a significant level of improvement can
be made on the measurement of the coherent diffractive p production cross-section

and a fuller understanding of the kinematics of this process can be gained.

124
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5.1 Future

The data presented in this work were taken from a period when 0.6x10'° p.o.t.
were delivered. During 1996 a total of 1.4 x 10 p.o.t. were delivered. If the two
data sets are combined and the expected number of coherent diffractive p events
are estimated by naively scaling the measured number of events with the number of
protons on target we expect an increase of a factor of &~ 3 in the number of observed
events.

Since my analysis on the 1995 data was done, the NOMAD reconstruction
software has been significantly improved. The main improvements are in the area
of drift chamber track reconstruction, in particular, the software is now much more
efficient at constructing tracks from track segments, i.e. tracks arising from the same
particle that in 1995 would have been assigned to to track segments are now joined
together to make a unique track. This increase in track construction efficiency has
been estimated to increase the overall efficiency for coherent p by a factor of ~ 3.

Not only would the improved reconstruction software help the search for
coherent p by improving the efficiency, it would also help to give a more accurate
measurement of important parameters such as charged particle momenta.

Combining the increase in statistics due to the larger neutrino flux with
the increase due to the improvement in track reconstruction efficient, we would
expect to observe &~ 200 events in the low ¢’ region. If the background estimate was
similarly scaled under the optimistic approach and we follow the same procedure
outlined in Section 4.5.2 we would expect to observe a signal of (180 4 14) events,
corresponding to a cross-section of (71+6)x 10~*°cm? i.e. the statistical uncertainty
on the measurement would be more than halved. This measurement would then be
the most statistically significant measurement to date.

It would be possible to further improve the results presented here in a number
of ways. Firstly, the number of events in the DIS CC Monte Carlo could be increased
significantly to allow a better estimation of the background to the ¢ -distribution.

Potentially, this would also make it possible to fine-tune some of the cuts presented
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in Section 4.3 and further reduce the amount of DIS CC events contaminating the
sample.

In an ideal world it would be possible to do a double check on the calculations
performed in Section 4.5.2 by calculating the cross-sections for the 8-module and
11-module data individually and then comparing the results. However, the very
small amount of available data makes this double check impractical.

Similarly, it would be a nice exercise to calculate the cross-section for a num-
ber of different energy bins. Theory predicts, and this is supported by evidence
from previous experiments, that the cross-section increases with energy. However,
the data in support of this is a result obtained from experiments that have been run
at different neutrino beam energies and not from the same experiment with data
split into different energy regions. Again the very small amount of available data

makes this impractical.



Appendix A

An outline of my personal involvement

with NOMAD.

The search for coherent diffractive p forms the bulk of this thesis. During the pursuit
of this task, however, I was involved in various activities, not always directly related
to the main subject of the thesis. Nevertheless these other tasks were important to
the smooth operation of the experiment as a whole.

During periods spent at CERN (typically three months per year for four
years), | participated in data taking runs for the NOMAD experiment. Naturally,
this involved checking the quality of the data taken by all the subdetectors during
the data taking runs.

The NOMAD veto (Section 3.3 describes the NOMAD veto in more detail)
was designed and constructed by the Australian groups of which I was a member.
In particular, I was involved in the installation and testing of the plastic scintillator
veto, photomultiplier tubes and associated electronics. I shared responsibility for the
development of online monitoring and control for this equipment (veto slow control).
This task involved writing a LabVIEW [51] program to monitor photomultiplier
high voltages, discriminator levels etc and to activate alarms designed to alert the
people on shift if these values fell outside their normal range. I also had occasion
to act in the capacity of “veto ezpert”, the person ultimately responsible for the
smooth performance of the veto.

The analysis of the coherent p signal was somewhat tangential to the main

aim of NOMAD to search for neutrino mass oscillations. However, some essential
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elements of the coherent p analysis, were also important to the oscillation search.
In particular, the early work done by myself in establishing a 7% signal in the data
was used by the collaboration as a stepping stone to the search for oscillations via

the hadronic decay mode of the 7.

A.0.1 List of Publications.

I am a co-author of the following papers:

¢ NOMAD Collaboration
The NOMAD Experiment at the CERN SPS: A Status Report
Memo 95-27 30 June, 1995

e NOMAD Collaboration
The NOMAD experiment at the CERN SPS.
Accepted for publication in Nuclear Instruments and Methods A.



Appendix B

Derivation of t.

Assuming the target nuclei is initially at rest, the four-momentum transfer to the

nucleus squared can be written as

= Ky —(on) (B.1)

where py is the three-momentum and Ky is the kinetic energy of the final state

nucleus. It can also be expressed as
t = 2myKy (B.2)
Conservation of momentum implies
P zﬁu—;ﬁi (B.3)

where the sum is over all the observed final state paritcles, in this case the muon
and the charged and neutral pions.

Conservation of energy implies
E,+my =) E;+my+ Ky (B.4)

and again the sum is over all the observed final state particles.

If we now split Equation B.3 into componants parallel to (2) and transverse to
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the neutrino beam and substitute the result from Equation B.4 we find an expression

for the three-momentum of the final state nucleus

oy =D B = pi + Knle = o] (B-5)

where the superscripts L and T refer to the componant of the particle momentum
parallel to and transverse to the neutrino beam respectively.

We can now square the three-momentum to give
v = (B — D) + K3+ 2Ky (B —pb) + (0 (BS)
Substituting the above results into Equation B.1, we can find the exact ex-

pression for ¢

[t = [D_(E: — pi)]* + 2Ky D _(E: sz (B.7)

K] 2

Equation B.2 gives the relationship between Ky and ¢. If we now substitute

this expression for Ky into B.7 into the above equation we find

o= (B~ PO + (A + 25— S o) (B.3)

1 N

Some simple algebra now leads us to the final exact expression for |¢|

[oi(Bi — pP))” + (0] )’
(1 o Ei(Ei_piL))

|t = (B.9)

E(

At small values of |¢| the fraction 1s much smaller than one, and so

to a good approximation

b = (008 — p)P + () (B.10)

i

the expression used in much of the literature.



Appendix C

A Summary of Deep Inelastic Scattering
Monte Carlo Events that Fake Coherent

Diffractive p.

The events tabulated below are a sub-sample of the 132,064 Deep Inelastic Scatter-
ing Monte Carlo events simulated to investigate possible backgrounds to the coherent
diffractive p signal. Each of these events passed the analysis cuts described in Sec-

tion 4.3.3 and tabulated in Table 4.2. Each event also satisfies the further criteria

that ¢’ is less than 0.1 GeV?2.

‘ Background Type ‘

Comment

‘ No. of Events ‘

vn — pu ptn small pr neutron is missed 13
vp — u ptTtn missed both the neutron and 7™ 7
vn — pptan missed both the neutron and 7° 4
vn — p~pta® miss the 7° from the p decay, mismeasure 7+ 1
vn — p~77rtn | miss the neutron and get M, from 7 7° pair 1

vn — umortnm miss the neutron and one 7° 1
vn — u~ ptA%n° miss the A° and the n° 1
vp — u nATt | miss 7t from A*T decay, mismeasure 7 mass 1
vp — p~mOATT missed 7 from ATT decay, misidentified p 1
total 30

Table C.1: Low multiplicty charged current background event types.
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